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Abstract 
Vertebral fractures are a severe cause of morbidity and disability. In 
particular, burst fractures are a common traumatic injury presenting neurological 
impairment in 47 % of cases. However, diagnosis and planning of the treatment is 
challenging as the injury originates in highly dynamic conditions. Short-segment 
pedicle instrumentation (SSPI) in combination with kyphoplasty (SSPI–KP) has been 
used to provide additional stabilisation of the fracture. However, there is a lack of 
understanding about the effectiveness SSPI–KP. 
The aim of this study was to follow the fracture pathway, from onset to the 
outcome of surgical treatment. The first part focused on the phenomena 
underlying fracture creation and the dynamics of interpedicular widening (IPW). 
Although associated with neurological deficit, no previous study has shown how 
IPW evolves at fracture initiation. Subsequently the performance of treatment was 
assessed to evaluate how KP can improve SSPI to a simulated early follow-up. 
Burst fractures were induced in 12 human three-adjacent-vertebrae 
segments. Following fracture investigation, SSPI and SSPI–KP were performed, and 
samples underwent fatigue loading. Image processing of high-resolution CT scans 
was performed to assess anatomical changes at consecutive experimental stages 
on the treated and adjacent vertebrae. 
Experiments proved that IPW reaches a maximum at fracture onset and then 
decreases to the value measured clinically. SSPI–KP marginally improved stability of 
the treated spine, whilst providing a significant restoration of the endplate 
geometry. Vertebral body underwent significant changes in height and endplate 
curvature throughout the fracture pathway. 
This study provided further insight on the biomechanics of vertebral fractures 
and the findings can be used to improve and/or develop novel treatments as well 
as validate numerical models for retrospective assessment of the injury. In 
addition, outcomes from the collaboration work on the development of a 
computational simulation may help better understand cancer related vertebral 
fractures. 
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Chapter 1: Introduction 
Vertebral fractures are a severe cause of morbidity and disability as well as a 
significant burden for healthcare systems. However, the biomechanics underlying 
fracture onset and success of its treatment raises research questions which are still 
far from being answered. A vertebral fracture is a medical condition arising from 
the loss of continuity in the bony structure, therefore affecting the physiological 
biomechanics and/or homeostasis of the spine [3]. The cause of the fracture may 
be either pathological or traumatic. 
The main pathological conditions are osteoporosis and cancer, whose 
metabolic alterations result in bone weakening [4, 5]. Osteoporosis has been 
estimated to afflict up to 30 % of post-menopausal women [6] causing about 1.4 
million new vertebral fractures every year [7]. Metastatic infiltration, primary spinal 
tumours and multiple myeloma (MM) usually induce gross osteolytic lesions, 
leading to painful vertebral fractures and severe back pain [8, 9]. In fact, 70 % of 
cancer patients show presence of spinal metastasis [10] whilst bone mass loss and 
destruction is found in more than 70 % of MM patients [11]. Those figures become 
even more alarming when considering that patients with malignant infiltration 
have a median survival rate of 10 months [12], rarely exceeding two years [10]. 
Understanding the mechanics of those fractures is then fundamental to develop 
effective treatments, also considering the little time available to mend the life 
quality of patients (metastatic infiltration may occur at a terminal stage of the 
cancer).  
Spinal traumatic fractures are present in more than 20 % of trauma cases [13] 
and they occur when the spine undergoes accidental high-energy loading 
conditions, hence exceeding its own strength. The vertebral bone fracture may also 
be associated with distraction and/or disruption of the ligamentous structures [14, 
15]. The complexity of trauma biomechanics lies in the fact that it is an abrupt 
dynamic event and the resultant fracture depends on the posture of the spine at 
the time of the event occurrence [16]. Moreover, traumatic vertebral fractures are 
inherently a major cause for spinal cord injuries and related disability/mortality: 
clinical reports show a 7 % first-year mortality rate when paraplegia is associated 
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with vertebral fractures [17]. The majority of spinal traumas arise from motor 
vehicle accidents (~66 %) and fall from heights (~13 %) [13], which are events 
where the main force component is axial. Compression fractures indeed account 
for about 66 % of all spinal fractures with a 14 % incidence of neurological deficit 
[18]. Burst fractures are a sub-type of compression fractures, and they account for 
about 30 % of all spinal injuries [18] whilst approximately 47 % of cases present 
with a degree of neurological deficit at the time of admission [15]. The main 
features of the fracture are the spinal canal occlusion (SCO), comminution of the 
endplates and interpedicular widening (IPW). However, the major limitation in the 
diagnostics of burst fractures is that the neurological injury occurs at the fracture 
onset. Although SCO has been usually considered the main factor responsible for 
the neurological injury [19-21] it appears not to fully explain its extent [15, 22], 
most likely because the fracture onset is a dynamic abrupt event. On the other 
hand, clinical studies have shown an association between IPW and neurological 
deficit [23]. Although several in vitro studies have focused on the dynamics of SCO 
[24-28], there is a lack in the literature about more comprehensive investigations 
on burst fractures involving also IPW. 
The strategy of treatment of spinal burst fractures is a widely debated surgical 
topic [29]. When there is no neurological deficit and the fracture is stable, 
conservative treatment (i.e. use of brace, cast) is undertaken with satisfactory 
results [30, 31]. Alternatively, surgical intervention is performed, especially when 
there is more need for correction and stabilisation of the fractured vertebra [32]. 
Short-segment pedicle instrumentation (SSPI) is a technique where screws are 
inserted above and below the fractured vertebra and have been shown to be a 
reliable choice for burst fractures treatment [33]. However, several studies 
reported a loss of correction over time probably caused by lack of anterior support 
[34, 35]. To overcome such mechanical issues, kyphoplasty (KP), a minimally 
invasive augmentation technique, has been exploited in combination with SSPI (i.e. 
SSPI – KP). Several clinical studies embraced this approach obtaining successful 
follow-up results [36-40]. Nonetheless, SSPI – KP is not free from concerns as the 
extent of the biomechanical improvement is not exactly clear. 
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This work focused on a set of specific research questions within the field of 
vertebral fractures. As far as trauma is concerned, this thesis aimed at the 
characterisation of spinal burst fractures, from their onset to the investigation of 
the performance of their treatment (i.e. SSPI – KP versus SSPI). With regard to 
pathological fractures, experimental tools and data were provided to allow the 
development and validation of a numerical model of MM infiltrated vertebrae. 
1.1 Functional anatomy and biomechanics of the human spine 
The human spine is an articulated multi-segment structure responsible for 
bearing the loads acting on the upper body as well as allowing its physiological 
range of motion (ROM) (Figure ‎1-1). In addition, the physical protection of the 
spinal cord depends on the integrity of the whole structure [41]. The spine is 
composed of 24 articulated vertebrae: seven cervical, twelve thoracic and five 
lumbar, therefore dividing the spine into three main regions. There are four main 
curvatures on the sagittal plane of the spine: the cervical, thoracic, lumbar and 
sacral curve. The thoracic region presents a kyphosis that ranges from 18° to 51° 
whilst the lumbar region lordosis ranges from 42° to 74° [42]. The first cervical 
vertebra (also called the atlas) is jointed with the skull, whilst the last lumbar 
vertebra (L5) is jointed with the sacrum. The sacrum is fused with the coccyx and is 
located posteriorly within the pelvis. This is the most caudal region of the spine and 
made of nine fused vertebrae. Each vertebra is articulated with its adjacent one 
through an intervertebral disc and a pair of facet joints. In addition, thoracic 
vertebrae present an additional joint, the costovertebral joint, where the ribs 
articulate. The additional stiffness provided by the rib cage increases strength and 
energy-absorbing capability in traumatic events [41]. Several muscle groups and 
ligaments run along the spine, exerting a complex set of forces and moments to 
achieve motion as well as cooperate with the other spinal structure to provide 
stability. Spinal stability is indeed a fundamental concept in spinal biomechanics 
which White et al. defines as “the ability of the spine under physiological loads to 
limit patterns of displacement in order not to damage or irritate the spinal cord and 
nerve roots and to prevent incapacitating deformity or pain caused by structural 
changes” [41]. 
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A detailed description of each functional component of the spine is provided 
below. 
 
Figure ‎1-1: The human spine. A: frontal view; B: posterior view; C: sagittal view. 
1.1.1 The vertebra  
The vertebra is a bone consisting of two main anatomical regions: vertebral 
body and neural arch. The neural arch originates at the end of the pedicles, which 
protrude from the postero-lateral surface of the upper part of the vertebral body. 
The hollow region confined within the posterior wall of the vertebral body, the 
pedicles and the neural arch is the vertebral foramen, which encloses the spinal 
cord [41]. The posterior processes (transverse and spinous) are bony structures 
emerging from the neural arch and are site of insertion of numerous muscle and 
ligaments (Figure ‎1-2). The vertebral body can be roughly approximated to an 
elliptical cylinder, principally composed by trabecular bone, surrounded by a shell 
of cortical bone. The strength of the vertebral body has been typically associated 
with its bone mineral density (BMD) and overall geometry [43, 44]. However, these 
two factors alone have been shown not to be enough to fully describe the 
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mechanical properties of the vertebra. The resultant structural behaviour is in fact 
the result of a complex interaction between the quality of the tissue and the 
architecture in which the bone is organised [45, 46]. It has been shown that the 
combination of BMD, micro-architecture and its heterogeneity can explain up to 86 
% of variability in vertebral failure load whilst BMD alone can explain only up to 44 
% [47]. The trabecular bone core is a network of rod and plate shaped struts [48, 
49] which has been estimated to bear 76 to 89 % of the total load [50]. The 
thickness (Tb.Th) and spacing (Tb.Sp) of the trabecular network have been 
measured by several authors using micro computed tomography (micro CT) and 
some indicative dimensions are reported below in Table ‎1-1. It is possible to note 
how measurements of micro-architecture vary among studies due to age and bone 
quality [48]. 
Table ‎1-1: Trabecular thickness (Tb.Th) and spacing (Tb.Sp) for the vertebral body 
(mean ± standard deviation). 
 Wegrzyn et 
al., 2011 [51] 
Roux et al., 
2010 [52] 
Fields at al., 
2009 [46] 
Lochmuller et 
al., 2008 [53] 
Hulme et al., 
2007 [54] 
Tb.Th 0.31±0.04 0.24±0.44 0.16±0.02 0.15±0.02 0.22±0.02 
Tb.Sp 1.34±0.33 - 0.98±0.11 0.96±0.18 1.11±0.11 
 
 
Figure ‎1-2: General anatomy of the vertebra. 
The trabeculae within the vertebral body are organized according to load 
paths [55] and micro-scale finite element (FE) modelling suggests that the majority 
of the load is transmitted through parallel columns of vertically oriented trabeculae 
[56]. Furthermore, the trabecular structure extends from the vertebral body into 
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the posterior elements through the pedicles following typical pathways, both on 
the sagittal and transverse plane (Figure ‎1-3), to counteract the forces and 
deformations to which the posterior processes undergo [57]. The geometry of the 
pedicles also varies significantly along the cranio-caudal direction, with a peculiar 
transition at the thoracolumbar junction (Figure ‎1-4). The thoracolumbar junction is 
an anatomical region spanning T11 to L1, where the thoracic spine joints the 
lumbar spine. The average cross sectional area (CSA) of the pedicle ranges from 
~32 to ~65 mm2 in the thoracic vertebra and from ~83 to ~160 mm2 in the lumbar 
[58, 59]. In addition, the micro-structural properties of trabecular bone within the 
pedicle are different to those of the vertebral body. Trabeculae within the pedicles 
are more numerous, plate-like, and tend to be more densely packed, with a mean 
Tb.Th and Tb.Sp of 0.20 ± 0.04 and 0.93 ± 0.12, respectively [60].  
 
Figure ‎1-3: Principal orientations of the trabecular architecture in the vertebra. 
Adapted from [57]. 
The endplates are the most cranial and caudal surfaces of the vertebral body 
and represent the transition region between the vertebral body and the 
intervertebral disc. The thickness of the endplate ranges from 0.25 to 0.52 mm, 
with the cranial endplate being usually slightly thinner than the caudal one [61]. 
The thickness of the cortical shell ranges from 0.38 to 0.60 mm anteriorly and from 
0.18 to 0.26 mm posteriorly [61]. Direct histological measurements have shown 
that the endplates and the cortical shell have a similar morphology, both appearing 
to be more of a thin, irregular porous layer of fused trabeculae rather than 
compact cortical bone, as that present in long bones [61]. However, the actual 
contribution of the cortical shell to vertebral strength is still unclear [52]. 
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Figure ‎1-4: Anatomical variation of the pedicles across levels. PDA: pedicle angle 
on the transverse plane; PDW: pedicle width; PDH: pedicle height. Data from 
[62]. 
Although the overall anatomy of the vertebrae in the different regions 
remains the same, the actual bony features adapt to the functional changes along 
the spine, with the vertebral body being optimised to bear axial loads [63]. In fact, 
the size and mass of the vertebra, as well as the endplate area, increase 
downwards to withstand the increase in compressive forces [41] (Figure ‎1-5). The 
shape of the vertebral foramen also significantly changes along the spine, 
becoming more elliptical in the lumbar spine. This is mostly related to an increase 
of the spinal canal width (SCW), which can also be considered equivalent the 
interpedicular space distance (Figure ‎1-6). 
 
Figure ‎1-5: Gross anatomical differences amongst cervical, thoracic and lumbar 
vertebrae. 
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Figure ‎1-6: Anatomical variation of the vertebra across levels. VBH: vertebral 
body height; EPA: endplate area (EPAi and EPAu stand for inferior and upper 
endplate, respectively); SCA: spinal canal area; SCW: spinal canal width; SCD; 
spinal canal depth. Data from [58, 59]. 
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1.1.2 The intervertebral disc 
Each vertebral body articulates with the adjacent one through an avascular 
soft tissue called intervertebral disc. The intervertebral disc is limited superiorly 
and inferiorly by the endplate (often considered as part of the intervertebral disc 
too [64]) and is divided in two main regions: the nucleus pulposus and the annulus 
fibrosus (Figure ‎1-7). The nucleus pulposus is located centrally and composed of a 
loose network of fibres within a mucoprotein gel which has a water content 
ranging from 70 - 90 % [41]. An additional ~0.8 mm thick layer of hyaline cartilage 
separates the bony endplate and the nucleus. Such layer is called cartilaginous 
endplate and is responsible for the exchange of nutrients from the blood vessels 
within the vertebra to the nucleus [65]. The nucleus is confined radially within the 
annulus fibrosus which is organised in 15 to 25 concentric layers called lamellae. 
The main component of each lamella is collagen, arranged in thick fibers running 
parallel to each other and anchored to the endplate [64]. The fibers are oriented at 
about 60° to the vertical axis and they run in opposite direction to each adjacent 
lamella (i.e. there is a 120° angle between fibers in adjacent lamellae) [41]. When 
loaded, the nucleus generates a hydrostatic pressure towards the annulus and the 
endplates [66]. Such pressure makes the endplate deflect [67] whilst the annulus 
bulges, hence putting the collagen fibers in tension. In fact, a 500 N compressive 
load induces a 0.7 mm bulge which results in the fibers undergoing a 2.7 % strain 
[68]. 
 
Figure ‎1-7: The intervertebral disc: anatomy and schematic stress profiles within 
the disc. Adapted from Adams et al. [66]. 
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1.1.3 The facet joints 
The facet joints (or zygapophysial joints) are two synovial joints located 
between the neural arches of each pair of adjacent vertebrae. The facet is a bony 
process that originates laterally on the neural arch; each vertebra has two superior 
and inferior facets. A layer of hyaline cartilage (~1 mm thick) is present onto the 
mating surface of each facet to allow articular motion with minimum friction. The 
synovium and ligamentous capsule extend from the superior and inferior margin of 
the joint providing, respectively, lubrication for the cartilage and mechanical 
reaction against separation of the joint [69] (Figure ‎1-8). [70][70][71] 
The shape of the facet is what actually dictates the kinematics of the joint and 
therefore that of the functional spinal unit [41]. The facets of the thoracic spine 
have a flat geometry whilst in the lumbar spine they have significantly curved 
mating surfaces to constrain axial rotation [41]. In the thoracic region the articular 
surface has a typical inclination of approximately 20° with the transverse plane and 
60° with the sagittal. Conversely, in the lumbar region, the facet surface becomes 
almost orthogonal to the transverse plane whilst their orientation increases in the 
caudal direction up to ~50° (i.e. the facets splay) [41]. 
 
Figure ‎1-8: The facet joints. 
1.1.4 Spinal ligaments and musculature 
The spine is surrounded by a complex ligamentous structure that runs along it 
(Figure ‎1-9). Ligaments are mainly made of collagen and elastin fibers arranged in 
fascicles to provide uniaxial resistance. Furthermore, ligaments can respond only to 
tensile forces as they buckle in compression. This behaviour is due to the fibrous 
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nature of the tissue itself. At low strains the elastin takes on the majority of the 
load as the collagen fibers are still crimped. Although being highly linear, the 
stiffness of the elastin is significantly lower than that of collagen. As the strain 
increases the collagen fibers uncrimp providing the actual stiffness required to 
withstand significant loads. Mechanical testing reflects this behaviour. There is an 
initial tract with low stiffness (neutral zone, NZ), followed by a higher stiffness tract 
(elastic zone, EZ). NZ and EZ are the physiological working regions. Exceeding EZ 
injuries the ligament (plastic zone) and may results in its failure [41]. Ligaments 
provide a passive component of stabilisation by restricting motion of the vertebrae, 
therefore also protecting the spinal cord [72]. They have a fundamental role in 
traumatic events to provide quick reaction forces against deviation from the 
physiological posture [41]. 
There are two main longitudinal ligaments running down the whole spine 
which have insertions on the surface of the vertebral body and disc: the anterior 
longitudinal ligament (ALL) and the posterior longitudinal ligament (PLL). ALL 
provides stability mainly in extension as it covers the anterior aspects of the spine. 
Conversely, the PLL stabilises mainly in flexion since it runs between the posterior 
wall and the spinal cord. The deposition of the fibers can originate from one 
vertebra and then span several levels whilst bulging of the disc contributes to their 
pre-tensioning [41]. This complex arrangement allows exerting the reaction force 
over several consecutive joints [57]. 
The posterior processes are connected via a set of multiple ligaments. The 
ligamentum flavum bridges the laminae of adjacent vertebrae and is located 
posteriorly to the spinal cord. This ligament is designed not to buckle (in 
physiological conditions) and recoil promptly in extension to avoid spinal cord 
impingement. Thus, the fibers of the ligamentum flavum are pre-tensioned also in 
the neutral position, whilst linearity of the response at low strains is given by the 
high content of elastin [41]. The interspinous ligament appears as a band 
connecting the superior ridge of the spinous process to the inferior of the adjacent 
one and is connected anteriorly to the ligamentum flavum. The fibers appear not to 
be organised as in other ligaments, thus the resistance provided in flexion is 
inferior [57]. The supraspinous ligament lies on the mid line of the most posterior 
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aspect of the spinous process and bridges the interspinous spaces. The structure of 
the ligament is ambiguous as the deep layer is made up of tendinous fibres 
originating from the adjacent muscles [57]. 
The spinal musculature is the only active component of the spine and their 
function is to contribute to stabilisation and produce movements [41]. The aim of 
the muscles is to counteract the external loads through the modification of the 
shape of the spine [69]. From a functional point of view, the muscles can be 
generalised into four categories: superficial and deep flexors; superficial and deep 
extensors. Superficial muscles are usually longer, spanning several levels, and their 
activation controls gross movements. On the other hand, deep muscles are usually 
shorter and closer to the vertebral rotation axes and thus can act directly on the 
position of the vertebrae [72]. Preserving muscle integrity in surgery is paramount 
since dissection or excessive retraction of the tissue may lead to subsequent pain 
or disability [73]. 
1.1.5 Neurological structures 
The neural structures (nerves) that originate from the spine deliver the neural 
signals from the central nervous system to the rest of the body. The spinal cord is a 
tubular shaped nervous tissue that begins at the brain and extends to the 
thoracolumbar region along the spinal canal. The distal part of the spinal cord is 
enlarged and cone shaped (conus medullaris) which subsequently turns into bundle 
of nerve roots (cauda equina) [74]. The spinal cord is enclosed within three 
membranes: the arachnoid, the pia mater and the dura mater; the latter is the 
outermost layer and covers also the cauda equina. The space between the 
arachnoid and the dura mater is filled with serous fluid, whilst the larger space 
between the arachnoid and the pia mater contains the cerebrospinal fluid [74]. The 
spinal nerves originate from the spinal cord, exit the dural sac (i.e. the 
compartment made by the dura mater), and emerge from the vertebral foramen 
through the region below the pedicles of each vertebra [74]. Although the function 
of the neural arch is to protect the nerve roots and the spinal cord, its proximity 
may also become critical during surgery or in the event of a fracture. In fact, in the 
lumbar spine the dural sac is located at 1.2 - 1.6 mm from each pedicle whilst the 
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nerves may get as close as 1 mm from the inferior border of the pedicle [75]. The 
three membranes and the fluid filled spaces protect the nerves from traumas with 
their viscoelastic behaviour [41] (the fluids also are a mean of transport for 
nutrients and chemicals [76]). Being the outermost layer, the dura mater 
represents the first protection against neurogical injury. Therefore, it is made of 
dense connective tissue with a prevalent alignment of the collagen fibers along the 
longitudinal direction. Mechanical testing on bovine tissue has shown that the dura 
mater is significantly anisotropic. The tissue is indeed stiffer in the circumferential 
direction, although it can reach higher failure strain and stress in the longitudinal 
direction [77]. 
 
Figure ‎1-9: Sagittal section of the spine. 
1.1.6 Spinal loads 
Daily activities induce complex loading scenarios on the spine. Understanding 
those loads is important not only from a strictly clinical point of view, but also for 
the design of valid in vitro experiments. Several approaches have been developed 
to estimate spinal loads, exploiting both in vitro and in vivo measures, as well as 
numerical simulations. However, given the complexity of spinal biomechanics, it is 
difficult to provide accurate estimations, whilst each method has different 
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advantages and disadvantages[78]. In vivo measures are perhaps the most 
representative source, although they can be invasive and affected by natural inter-
subject variability [78]. Bergmann et al. [79] has provided a series of in vivo studies 
using instrumented vertebral body replacements and spinal fixators. 
Measurements from vertebral body replacements have shown that the resultant 
force exerted during level walking can reach about 170 % of that measured when 
standing (ranging 100 - 300 N between two subjects). Loads increase when 
performing activities involving upper body flexion (e.g. ascending/descending 
stairs), during which the resultant can exceed 250 % of the standing force [80]. The 
direction of the resultant force acting on the vertebral body replacement during 
common daily activities can be approximated to span a cone with an aperture of 
15°. This angle was estimated in a previous work [81], using data available from 
[79]. Measures over 10 patients with instrumented spinal fixators have shown that 
walking, as well as ascending/descending stairs, induces a peak bending moment of 
~110 % of standing value [82]. Similar trends have been found also in another study 
where walking has induced a maximum bending moment ranging from 2 – 9 Nm 
and a maximum resultant force ranging from 50 – 400 N on the fixator rods [83]. 
However, it must be borne in mind that those in vivo measurements are not 
representative of a physiological condition and that instrumented implants share 
loads with other spinal structures (e.g. bone grafts, facet joints) [80]. 
An alternative site of measure is the intervertebral disc. Wilke et al. [84] has 
provided in vivo measurements by inserting a pressure transducer within the 
nucleus, showing an increase from 0.5 MPa when standing, to 2.3 MPa when lifting 
a 20 kg weight. McNally et al. [85] developed an in vitro stress profilometry 
technique, which was extensively used by Adams and his group [86-88]. The stress 
profile is obtained by inserting a transducer (continuously recording pressure) 
through the disc and then sliding it to the opposite side whilst the spine undergoes 
a constant load. Results showed that, in a healthy disc, the internal stress increases 
from the outer annulus towards the nucleus, where a plateau is reached (i.e. 
hydrostatic pressure condition). Conversely, a degenerated disc showed an altered 
load transfer, with stress concentration in the middle annulus and reduced stress 
within the nucleus [66] (Figure ‎1-7). Such technique may also be used to estimate 
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the force transmitted to the endplate. If the geometry of the disc is known, the 
integral of the pressure over the CSA will provide the force borne by the disc itself 
[89], although corrections factors may be required [90]. In vivo data were then 
used to estimate forces of about 400 – 600 N when standing, which may reach 
1200 – 1500 N when bending forward [91-93].  
Together with the intervertebral disc, the facet joints are responsible for 
transmitting the whole load between two adjacent vertebrae, with the facets 
bearing about 2 - 7 % of the force in axial compression [70]. Furthermore, the load 
sharing between the disc and the facet joints depends on posture: the more the 
extension the more load sharing shifts posteriorly [70]. In addition, the facet joints 
have a substantial role in resisting anterior shear, by bearing 55-65 % of such 
loading component [71].   
Numerical modelling has the great advantage of being non invasive whilst 
allowing replicating several loading conditions, although requiring a thorough 
validation process to achieve sufficient accuracy [78]. Dreischarf et al. developed an 
FE model of the disc, which was validated using force estimations from intradiscal 
pressure measurements [90]. Results predicted forces ranging 430 – 600 N when 
standing, with an error below 4 %. An alternative numerical approach is multibody 
dynamics, where bones are typically modelled as rigid segments undergoing forces 
exerted by multiple muscle groups (i.e. output of the model). External forces and 
kinematic can be measured in vivo non invasively (e.g. gait analysis) and then used 
as input for the model, as boundary conditions or for its validation. This method 
has allowed generating complex spinal models with up to 18 degrees of freedom 
and 154 muscles, estimating up to 238 Nm occurring at L5-S1 in extension [94]. The 
same approach was exploited to estimate a moment of 8 Nm acting on L1 when 
standing with both arms elevated, which increased by 5 Nm per additional kg of 
weight held in the hands [95].  
1.1.7 Spinal kinematics 
Each pair of adjacent vertebrae (together with the disc and facets) can be 
seen as an independent six degrees of freedom joint. Therefore, the overall 
kinematics of the whole spine is the complex resultant of the kinematics of all 
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intervertebral joints. An alternative definition of spinal instability is indeed the 
incapacity of the spine to counteract motion that deviate from its own 
physiological kinematics [41, 57]. 
When each level is considered individually, the flexion/extension ROM in the 
thoracic spine increase caudally from 3 - 5° at the top levels, up to 6 - 20° at the 
thoracolumbar junction. The lateral bending shows a similar trend, ranging 5 – 10° 
on the frontal plane at the thoracolumbar junction. On the other hand the axial 
rotation decreases in the caudal direction from ±14° to 2 - 3° [41]. In the lumbar 
spine ROM for flexion/extension keeps increasing downwards up to 10 - 24° where 
L5 joints with the sacrum. Axial rotation and lateral bending ROM are 
approximately constant along the lumbar levels, ranging 1 - 3° and 3 – 10°, 
respectively [41]. However, it is worth noting that the trend of ROM in axial 
rotation actually follows that of the geometry of the facet joints (see ‎1.1.3).  
Spinal motions which are usually approximated as uniplanar (e.g. 
flexion/extension, lateral bending) are actually achieved through a combination of 
several movements on multiple planes occurring at different levels [41]. However, 
during daily activities the ROM undertaken by the lumbar spine is relatively limited. 
Direct measurements of lordosis angle show that out of the 4400 spinal 
movements performed daily, 66 % of them are within 5 - 10°. This does not account 
for walking, where the change in the lordosis angle is usually less than 5° [96]. In 
fact, an average person is estimated to make two million strides (i.e. one million 
gait cycles) and 125000 significant bends per year [97]. 
1.2 Aetiology of vertebral fractures 
Vertebral fractures occur when the loading conditions exceed the strength of 
the vertebrae [45]. However, the mechanism and outcome of that event is an 
extremely complex topic which involves several factors. Bone quality is a 
fundamental discriminant in the mechanics of traumatic and pathological fractures. 
Pathological conditions hinder bone quality and physiological loads may become 
too demanding for the vertebral structure. Therefore, daily activities may induce a 
micro-damage whose continuous accumulation causes back pain and may lead to 
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fracture [98]. Conversely, traumatic fractures arise when the spine undergoes non 
physiological and extreme/impact loading conditions. Dissipation of such a high 
amount of energy may result in the fracture of the vertebra and/or damage to 
spinal soft tissue [41]. 
1.2.1 Fracture classification 
Effective fracture classification is paramount to assess the nature of the 
injury, allow communication among the clinicians and aid planning of treatment 
[99]. In order to better understand the failure mode of the spine, Denis has 
considered each spinal segment as made by three biomechanically relevant 
columns (Figure ‎1-10) [15]. Although no exact anatomical demarcation exists, the 
three regions can be defined as follows: 
 Anterior column: represents the anterior part of the vertebral body 
and disc, including the ALL.  
 Middle column: represents the posterior part of the vertebral body 
and disc; including the posterior wall, the root of the pedicles and the 
PLL. 
 Posterior column: represents the posterior part of the spinal segment; 
including the neural arch, facet joints and posterior ligamentous 
complex. 
Denis developed a classification of the spinal injuries based on the failure mode of 
those three columns [15]. Magerl et al. extended the Denis classification with 
morphological considerations on the appearance of the fracture and developed a 
more comprehensive spinal injury classification [18] (Table ‎1-2). Although several 
classification systems can be found in the literature, the Denis and Magerl 
classifications are the most popular and widely used in the clinical literature [16, 
100, 101].  
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Figure ‎1-10: The Denis three column concept. AC: anterior column; MC: middle 
column; PC: posterior column. Adapted from [15]. 
 
Table ‎1-2: Overview of the Magerl injury classification [18]. 
Subgroup Type A Type B Type C 
 
Vertebral body 
compression 
Anterior and posterior 
element injury with 
distraction 
Anterior and posterior 
element injury with 
rotation 
1 Impaction fractures 
Posterior disruption 
predominantly 
ligamentous 
Type A injuries with 
rotation 
2 Split fractures 
Posterior disruption 
predominantly 
osseous 
Type B injuries with 
rotation 
3 Burst fractures 
Anterior disruption 
through the disc 
Rotational-shear 
injuries 
 
Morphological fracture classification has often aimed at providing insight 
about the extent of the neurological deficit [15, 99]. However, it is extremely 
difficult to integrate a formal description of the deficit with that of the fracture 
[100, 101]. Therefore, the Frankel system [102] is commonly used to independently 
assess neurological impairment (Table ‎1-3). 
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Table ‎1-3: Frankel grading system for neurological impairment [102]. 
Classification Injury severity 
A: Complete No motor or sensory function 
B: Sensory only Sensory function but no motor function 
C: Motor useless Some motor function present but not useful 
D: Motor useful Motor function present but weak 
E: Intact Normal sensory function 
Radiographic assessments are performed to quantify the alignment of the 
spine and the deformity caused by the fracture as well as the success of a 
treatment in restoring/maintaining the spinal geometry [103]. The features 
typically evaluated are sagittal alignment, vertebral body height and spinal canal 
area. However, different relevant measures can be taken from plain radiographs as 
well as CT scans [22, 104, 105]. Variation with respect to intact conditions is usually 
approximated by estimating the intact value from the average between that 
measured from the two adjacent vertebrae [31]. A common parameter used to 
assess sagittal deformity is the Cobb angle which is defined as the angle between a 
line parallel to the cranial and caudal endplate of the vertebrae above and below 
the fracture [103]. Alternatively, the two lines can be taken directly from the 
endplates of the fractured vertebra. Both methods have been shown to be reliable 
and repeatable, though the first is considered to be the best choice [106]. Although 
the Cobb Angle was initially developed to measure deformity on the frontal plane 
(e.g. scoliosis), it is now extensively used in fracture assessment as well as 
progression of related deformity [103]. 
 
Figure ‎1-11: Definition of the Cobb angle for sagittal alignment in a fracture case. 
The two approaches should provide the same angle. Adapted from [106]. 
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1.2.2 Cancer 
MM is a malignancy of plasma cells which causes: replacement of bone 
marrow cells by myeloma cells, diffuse osteopenia, bone destruction, renal injuries 
and systemic harmful deposit of proteins [107]. Spinal biomechanics is mostly 
affected by the origination of osteolytic lesions, usually small sized and spread all 
over the vertebra [108]. The most common symptom is indeed bone pain, present 
in up to 70 % of patients [8]. However, the aetiology of MM is still unknown [107]. 
About 30 % of metastases arising from primary tumours are located in the 
spine [109] and they are mostly associated with breast, lung, renal, prostate, 
thyroid, melanoma, lymphoma and colorectal cancer [10]. Metastatic infiltration 
usually results in focal lesions where bone is replaced by cancerous soft tissue 
enclosed within a layer of fibrous tissue and immature bone. Depending on the 
degree of spreading the lesion can breach the cortical shell, as well as invade the 
foramen, compressing the spinal cord [110]. 
Disruption of the trabecular bone architecture results in structural weakening 
that may lead to fracture [111]. Typical fractures involve the failure of the anterior 
column whilst the middle column is intact and acts as a hinge [15]. This type of 
fracture is commonly called wedge fracture because of the significant loss of 
anterior height, resulting in an increase of the kyphotic angle of more than 5° [18]. 
Compression fractures may also occur, which are caused by failure of the anterior 
column and partial failure of the middle column (without ligamentous injury) [15]. 
Compression fractures usually present a change in shape of the endplates 
(increased curvature) as well as anterior and posterior height loss. Both wedge and 
compression fractures are characterised by compaction of trabecular bone rather 
than fragmentation [18]. This type of fractures is classified as A1 according to the 
Magerl system. They are stable fractures with no failure of the posterior wall, thus 
significant neurological involvement is quite rare [15, 18].  
1.2.3 Osteoporosis 
Osteoporosis is a metabolic disease which results in loss of bone mass and 
deterioration of the bone micro-architecture. It mostly affects the bony structures 
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where the trabecular bone is prevalent, such as the femoral neck, wrist and 
vertebral body. Therefore, the weakened structure becomes susceptible to 
fracture. The pathology mostly affects women as the post-menopausal oestrogens 
deficiency enhances the bone resorption activity of osteoclasts [5]. 
Vertebral fractures associated with osteoporosis are overall similar to those 
caused by cancer (‎1.2.2). 
1.2.4 Trauma 
Traumatic fractures are a significant cause of neurological injuries and spinal 
instability. Events like distraction of the spine, disruption of the posterior 
ligamentous complex and fragmentation of the vertebra expose the neurological 
structures to dangerous mechanical stimuli. Although type A fractures (vertebral 
body compression) account for 66 % of cases, the majority of neurological injuries 
happen in type B and C fractures where there is disruption of the spinal structures 
and/or rotation. In fact, 32 % of type B and 55 % of type C fracture present some 
neurological impairment [18]. 
Traumatic fractures mostly occur in young adults (median age 36 years) since 
they have a more active lifestyle and are more involved in motor accidents [13, 
112]. Therefore, bone quality is usually higher in traumatic patients compared to 
pathological fractures [5, 111]. However, in some pathological cases minor 
overloads may exceed the vertebral strength and induce a trauma-like fracture. 
The voids created by metastatic infiltration may indeed weaken the vertebral 
structure to the extent of causing a burst fracture [9]. 
1.2.5 Burst fracture 
Burst fractures account for about 28 % of all spinal injuries, which makes 
them the most common type of fracture after A1 (compression) [18]. The most 
common causes of fracture are falls from height and motor vehicle accidents [112]. 
In a study from Meves et al., 77 % of burst fractures they investigated were the 
result of a fall from height whilst 19 % were related to motor vehicle accidents [21]. 
Due to the traumatic nature of the fracture, they are inherently a severe cause of 
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neurological deficit. The incidence of neurological impairment (i.e. A, B, C and D 
Frankel grades) has been reported to vary from 32 to 47 % [15, 18].  
The majority of burst fractures happen at the thoracolumbar junction (T12-
L1-L2), where the incidence of acute neurological injuries has been reported to 
range from 48 to 77 % [113]. Results from Bensch et al. [104] show a fracture 
distribution amongst the spinal regions of 11 % cervical, 21 % thoracic, 45 % 
thoracolumbar junction, 23 % lumbar. The biomechanics of the thoracolumbar 
junction makes it more prone to injury, compared to the rest of the spine. The 
region is typically either straight or slightly kyphotic (0° - 10°), which makes axial 
compression the major force component [42]. The loading conditions also change 
as shown by the anatomical changes of the facet joints as well as vertebral body 
(see ‎1.1.1 and ‎1.1.3). In addition, stress concentration happens as a result of the 
transition between the stiff kyphotic thoracic region and the lordotic lumbar 
region. However, there has been a rise in low lumbar burst fractures in recent years 
amongst the military population due to the nature of current military deployments. 
The main causes of the fracture are helicopter crashes [114] and underbody blasts 
[115] where the spine undergoes extremely high acceleration rates (up to 400 m/s2 
in helicopter crashes and even higher in underbody blasts [114]). It has been 
supposed that the loading conditions in combination with the stiffness of body 
armours result in a shift of the transition zone downwards, hence making the lower 
lumbar spine more prone to burst [116]. 
A burst fracture has been defined by Denis as failure by axial loading of the 
anterior and middle column whilst the posterior column remains intact [15, 18]. 
The failure of the middle column may also cause rupture of PLL and/or annulus of 
the disc [15]; disruption of PLL has been confirmed in 28 % of thoracolumbar burst 
fractures [113]. Conversely to the classical Denis definition, several clinical series 
have reported disruption of the posterior ligamentous complex, which severely 
aggravated spinal instability [19, 105, 113]. However, soft tissue injuries require 
magnetic resonance imaging (MRI) to be adequately diagnosed [105].  
The main features of a burst fracture detectable from radiographic 
assessment of are [18]: 
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 Partial or complete comminution of the vertebral body. 
 Failure of the posterior wall with retropulsion of fragments within the 
spinal canal. 
 Spinal canal occlusion (SCO). 
 Interpedicular widening (IPW). 
 Possible laminar fracture (LF). 
In addition, Magerl et al. have identified nine subtypes of burst fractures 
based on their CT morphology (Table ‎1-4). Incomplete burst fractures denote only 
partial burst of the vertebral body thus either the superior, inferior or lateral 
portion. Therefore, only one of the endplates appears to be comminuted although 
additional flexion/extension may cause retropulsion of the fragments within the 
canal. Burst-split fractures show an incomplete burst of the vertebral body 
together with a split fracture on the sagittal plane through the opposite endplate. 
Those fractures are associated with more instability than incomplete burst 
fractures. Complete burst fractures represent the most unstable type of burst 
fractures and are characterised by complete burst of the vertebral body and acute 
kyphosis. Both the endplates are comminuted and the spinal canal is usually 
extremely narrowed because of fragment retropulsion (Figure ‎1-12). 
Table ‎1-4: Magerl classification for burst fractures [18]. 
Subgroup Type A3.1. Type A3.2. Type A3.3. 
 
Incomplete burst 
fracture 
Burst-split fracture Complete burst 
fracture 
1 
Superior incomplete 
burst fracture 
Superior burst-split 
fracture 
Pincer burst fracture 
2 
Lateral incomplete 
burst fracture 
Lateral burst-split 
fracture 
Complete flexion burst 
fracture 
3 
Inferior incomplete 
burst fracture 
Inferior burst-split 
fracture 
Complete axial burst 
fracture 
 
Despite the details offered by the different fracture classifications, there is 
still lack of agreement about the requirements to consider a burst fracture unstable 
[117]. Petersilge et al. [113] have associated instability in the thoracolumbar spine 
with: 
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 IPW and increase of interlaminar distance. 
 Translation of more than 2 mm and dislocation. 
 Kyphosis of more than 20°. 
 Fracture of posterior articulating process. 
 Height loss of more than 50 %. 
Preservation of the facet joint capsules and posterior ligamentous complex 
has been recently considered paramount for stability [34]. In addition, 
comminution of the endplates causes a disruption of the metabolism of the 
intervertebral disc as well as a change in load transmission. Loss of disc integrity 
with intrusion of material within the vertebral body is commonly seen on MRI scans 
[118]. In vivo data have confirmed an increased disc cell apoptosis rate following 
trauma which may lead to degeneration [119]. Definite disc degeneration, involving 
both the nucleus and annulus, has also been found in cultured rabbit discs which 
underwent a burst fracture [120].  
1.2.5.1 Spinal canal occlusion 
The extent of SCO has been traditionally associated with neurological deficit. 
However, the relationship between the two phenomena is poorly understood and 
discordant results are present in the literature [104]. Meves et al. [21] has reported 
a correlation with SCO (range 33 – 70 %) and neurological injury only for 
incomplete deficits (Frankel grade E to B). On the other hand, they have reported 
similar SCO for Frankel grade E (33 %) and A (39 %). In Deng et al. [121], no 
relationship was found between SCO and Frankel grade in thoracolumbar burst 
fractures with neurological deficit. 
The extent of the neurological deficit strongly depends on the level where the 
fracture occurs, probably because of the histological organisation of the 
neurological structures. The cauda equina appears to be less sensitive to impact 
loading but more to continuous compression [15]. It has been reported that SCO up 
to 60 - 90 % in the lumbar spine may not cause any deficit [15, 34], whilst Frankel B 
deficit has been diagnosed at T12 with 25 % SCO [15]. In the study from Hashimoto 
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et al. [122], a threshold value of SCO has been associated with the presence of 
neurological deficit as follow: 
 35 % SCO at T11 and T12. 
 45 % SCO at the level of the conus medullaris. 
 55 % SCO at the level of the cauda equina. 
Yugué et al. [19]performed a logistic regression combining kyphotic angle, SCO, 
disruption of the posterior ligamentous complex and spinal level as risk factors. No 
significant association between SCO and neurological deficit has been found when 
considering L1 alone, only the disruption of the posterior ligamentous complex was 
a significant risk factor. On the contrary, SCO has appeared to be a significant risk 
factor when all the samples were considered together or different regions were 
considered independently (Table ‎1-5). 
Table ‎1-5: Average SCO grouped for different regions of the spine divided by 
presence of neurological deficit [19]. 
 
All cases T11 and T12 
cases 
L1 cases L2 to L5 cases 
Deficit 60.3 % 54.3 % 48.1 % 76.3 % 
No deficit 52.0 % 28.9 % 47.1 % 59.8 % 
Significance p<0.05 p<0.05 p>0.05 p<0.05 
The significance value refers to the results of the multiple logistic regression by 
Yugué et al. [19]. 
 
Vaccaro et al. [20] have not found any significant association with 
neurological injury when considering the areal SCO. On the contrary, a significant 
association has been shown when considering the transverse and sagittal diameter 
of the canal. Similarly, Hashimoto et al. [122] have identified a lower incidence of 
neurological injuries in the patients where the shape of canal was more circular or 
semi-circular. Those findings confirm that neurological injuries are more 
susceptible to the shape of the canal rather than its absolute size [20]. Given the 
complexity of the phenomenon, studies have suggested that other parameters 
must be involved in the origination of the injury [21]. 
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1.2.5.2 Interpedicular widening 
IPW is one of the hallmarks of burst fracture, as well as failure of aspects on 
the neural arch [15, 18]. Hashimoto et al. [122] has reported disruption of lamina 
and pedicles in 29 % of cases and disruption of the facet joints in 47 %. IPW in burst 
fractures can vary enormously: clinical measurement may range 3 - 54 % [123] as 
well as 5 – 114 % [23]. In addition, there is an increasing trend from thoracic to 
lumbar region (Table ‎1-6). Daffner et al. have suggested [124] that an IPW of more 
than 2 mm with respect to the average of the two adjacent levels is to be 
considered indicative of a non-physiological condition. The relationship between 
the severity of burst fractures and IPW has been investigated by Caffaro et al. [23]. 
IPW has appeared to be significantly lower in patients without any neurological 
deficit (15.3 ± 11.9 %) compared to those with deficit (24.7 ± 12.6 %). In addition, a 
~25 % IPW has been shown to be associated with a 50 % probability of neurological 
impairment and the risk increases to 80 % when IPW is ~55 %. 
Table ‎1-6: Average in vivo values of IPW in spinal burst fractures by spinal regions 
(mean ± standard deviation). 
 Cervical Thoracic Thoracolumbar Lumbar 
Bensch et al. [104] 4.5 ± 3.4 mm 0.8 ± 1.8 mm 2.6 ± 2.2 mm 3.5 ± 3.3 mm 
Caffaro et al. [23] – 25.4 ± 20.0 % 35.8 ± 19.1 % 46.4 ± 20.3 % 
 
A dural tear is a laceration of the dura mater hence causing nerve entrapment 
and leakage of cerebrospinal fluid. If not treated, the leakage may lead to 
meningitis and post-traumatic meningocele [22, 125]. Dural tears have been 
detected in 25 % of lumbar burst fractures and they have been associated with IPW 
[126] and neurological compromise [123]. In addition, surgical intervention without 
identification of the laceration may result in additional damage to the dura mater 
and iatrogenic neurological injury [22]. Lee et al. has found an increased risk of 
dural tears when the interpedicular distance exceeds 28 mm [125]. A significant 
difference in the interpedicular distance has been also identified by Park et al. [22] 
if a dural tear is present (32.4 ± 3.9 mm) or absent (28.4 ± 3.8 mm). 
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1.2.5.3 Laminar fractures 
LFs are mostly present in complete burst fractures [31] and are associated 
with significantly higher SCO and IPW (Table ‎1-7).  
Table ‎1-7: Differences in IPW and SCO in presence of LF (clinical data). 
  Presence of LF Absence of LF 
IPW Caffaro et al. [23] 25 ± 16 % 13 ± 8 % 
SCO Tisot et al. [127] 47 ± 18 % 28 ± 14 % 
 
Although their contribution to instability is negligible [18], the likelihood of 
neurological deficit increases when in presence of LF [23, 125]. In particular, LFs 
have been detected in every case where also dural tears were diagnosed [123] and 
neural elements have been often found entrapped within the edges of the fracture 
[123, 128]. Moreover, the width of the LF is significantly higher when dural tears 
are diagnosed, making it a severe risk factor (Table ‎1-8). However, there appear to 
be no clear guidance to the diagnosis of dural tears in relation to LF and IPW [22]. 
Table ‎1-8: Average width of the laminar fracture in presence of a dural tear 
(clinical data). 
 Presence of dural tear Absence of dural tear 
Ozturk et al. [126] 4.4 mm 1.9 mm 
Lee et al. [125] 1.8 mm 0.9 mm 
Park et al. [22] 2.4 ± 1.2 mm 1.0 ± 0.6 mm 
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Figure ‎1-12: Complete burst fracture type A3.3.3 according to Magerl 
classification. Adapted from [18]. 
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1.3 Clinical management of spinal burst fractures 
Definition of the optimal treatment for spinal burst fractures is highly debated 
and has led to much discussion in the literature [30, 32, 129]. Furthermore, timing 
of the intervention is extremely important as early management (<72 hours) has 
been proved to reduce morbidity [130, 131]. The aim of the treatment is the 
restoration of spinal biomechanics and quality of life, which is paramount as only 
54 % of all patients with spinal injuries return to their previous level of employment 
[132]. The restoration of spinal biomechanics requires providing stability and load 
bearing capability as well as correction of deformity and avoidance of any further 
kyphosis or vertebral body collapse [133].  
The choice between non-operative and surgical treatment is the first hurdle 
that clinicians face at presentation of the patient. Supporters of non-operative 
treatment advocate that conservative intervention reduces costs, risks of 
complications and iatrogenic injury [30]. Several works have shown that 
conservative treatment can be as successful as operative treatment in terms of 
pain relief and spinal alignment at follow-up [29, 30, 117]. Non-operative 
treatment consists of bed rest, functional rehabilitation and body orthosis, 
requiring an average hospitalisation of ~30 days [31, 117]. In their case series, 
Mumford et al. [31] have reported an 8 % vertebral body height loss at two year 
follow-up. On the other hand, they have detected a reduction of SCO from 37 to 14 
% (e.g. resorption of bony fragment) within the first year. However, non-operative 
treatment is advised only in case of stable fractures without neurological deficit 
[34, 117]. 
In presence of neurological deficit or severe instability surgical intervention is 
usually undertaken. Additional recommendations for surgery are [22, 30, 117]: 
 SCO more than 50 %. 
 Vertebral body height loss more than 50%. 
 Kyphotic angle more than 20-25°. 
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There are three main surgical approaches [117]: 
 Anterior approach: used to perform reconstruction and stabilisation of 
the vertebral body. It usually requires vertebral body replacement or a 
plate to bridge the fracture. 
 Posterior approach: posterior spinal instrumentation constructs are 
implanted through dorsal opening. Additional transpedicular 
techniques (e.g. kyphoplasty) may be performed. 
 Combination of anterior and posterior approach: this is the most 
invasive approach and it is chosen in the most severe cases. 
Surgical intervention also allows direct nerve decompression to tackle 
neurological deficit and inflammation. For instance, laminectomy is a procedure 
where the lamina is removed to reduce the pressure against the neurological 
structures. However, the facet joints are kept intact and keep providing load 
transfer.  
1.3.1 Short segment spinal instrumentation 
Spinal instrumentation consists of fixator rods connected to the spine by 
means of hooks or bone screws. Therefore, the fixator rods become an additional 
load bearing structure, relieving the injured level from part of the load. The aim is 
to provide stability, protect neurological structures and permit ambulation whilst 
the injury heals and bone union occurs [133].  
Pedicle screws are the most common type of fixation device. They are 
inserted from the dorsal cortex of the lamina to reach the core of the vertebral 
body through a transpedicular trajectory [134] (Figure ‎1-13). Pedicle screw fixation 
can be used in case of laminectomy or LF as it does not depend on the integrity of 
the lamina [133]. The head of the screw (or the nut connected to it) provides 
housing for the fixator rod to be fastened within. In polyaxial screws the nut is free 
to pivot with respect to the head (Figure ‎2-2). Hence, rod alignment is not 
constrained by that of the screw (conversely to monoaxial screw). The mechanism 
is designed so that the nut locks in place when the grub is tightened to fasten the 
rod. Together with the design of the screw, accurate positioning and trajectory is 
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paramount for the success of treatment. Tapping the pilot hole is considered to 
improve trajectory [135], although reducing pull-out strength [136]. Insertion 
torque is generally considered by surgeons a good feedback for screw purchasing, 
however it has been shown not to be a good predictor of long-term loosening 
[137]. Radiographic assessment has shown that loose screws present a radiolucent 
zone around the thread indicating a lack of purchase [138]. 
Long-segment posterior instrumentation (LSPI) is the oldest approach and 
involves bridging the fractured vertebra/vertebrae over several spinal levels, hence 
using long fixator rods. Conversely, in short-segment pedicle instrumentation (SSPI) 
pedicle screws are implanted only one level above and below the fracture 
(involving only three adjacent vertebrae). Although LSPI overall provides more 
stability and correction, SSPI has been proved to be as effective as LSPI in several 
cases in terms of correction and disability scores [33, 117, 139]. In addition, SSPI 
results in significantly shorter operation time and less blood loss, therefore 
reducing costs and risk of complications [140]. SSPI is currently the most widely 
practiced intervention for spinal burst fractures [133]. 
Implanting posterior instrumentation also allows the surgeon to perform 
reduction manoeuvres to re-align the spine (i.e. ligamentotaxis). This is achieved by 
exerting forces through the screws as well as appropriate positioning of the fixator 
(may require rod contouring to follow the spinal curvature). The exerted forces 
result in tensioning the ligaments hence reducing the fragment of the fractures. 
Leferink et al. [141] measured SCO at admission and post-operatively showing a 
decrease from 76.5 to 18.4 % obtained through ligamentotaxis and SSPI. In 
addition, at two year follow-up, about 97 % of all patients have shown complete 
clearance of the spinal canal due to successful bone remodelling. A similar trend 
has been shown also by Mohanty et al. [142] where SCO has decreased from 47.4 
to 26.6 % post-operatively and down to 14.9 % at follow-up. 
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Figure ‎1-13: Alignment of pedicle screws within the vertebra in SSPI. 
Fusion has been used in combination with posterior instrumentation to 
achieve better stabilisation through the formation of an additional load bearing 
structure. In vivo measurements have shown a decrease of strain on the lamina as 
fusion progresses [143]. However, grafting does not seem to help maintaining the 
correction when performed with SSPI in thoracolumbar burst fractures [133]. 
Moreover, many patients undergoing fusion have long-term harvest site pain 
without any actual improvement in terms of quality of life [144].  
As mentioned above, SSPI is widely used but clinical outcomes appear not to 
be consistent (Table ‎1-9), showing good initial re-alignment followed by progressive 
kyphosis and vertebral body compression. Although the technique has proven 
significantly better initial pain relief and correction when compared to non-
operative treatment, Shen et al. [145] have obtained the same correction results at 
two years, with the conservative treatment being four times cheaper. The cause of 
dissatisfactory results may lie in the lack of anterior support in SSPI. Whilst it can 
provide indirect reduction of the fracture, there is no direct intervention on the 
vertebral body. If the anterior and middle column cannot bear the load shared with 
the fixators, then the SSPI construct is deemed to fail [34, 133]. In such conditions 
the axial load is transferred to the screws in a more demanding cantilever bending 
mode which loosens the screw hence decreasing their purchase. As kyphosis 
progresses again, loads shift anteriorly resulting in stress concentration and 
increased moments acting on the rods. The lack of stability induces further 
aggravation of kyphosis and loss of vertebral body height hence leading to a vicious 
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cycle whose result is implant failure. Although Wei et al. [146] have found similar 
failure rates in LSPI and SSPI (5 – 6 %), McLain et al. [139] have reported an implant 
failure rate as high as 15 % (5 % requiring revision) with 33 % of patients showing a 
10 – 20° progressive kyphosis.  
As mentioned above, a combined anterior and posterior approach can be 
undertaken to stabilise the anterior column. Anterior reconstruction requires 
removal of the fragments and replacement of the vertebral body with a vertebral 
body replacement and/or bone graft [34]. It is surgically more challenging and thus 
it comes at higher costs and risk for complications [117]. Orthosis can be used as a 
conservative aid to provide additional support during fracture union. However, in 
vivo measurement have shown that wearing a brace only provide a negligible 
reduction of the load borne by the fixators [83].  
SSPI may be removed after 8 – 12 months from surgery to allow higher 
mobility to younger patients. However, it requires further surgery with subsequent 
iatrogenic effects and increased risk for recurrent deformity [147]. 
Table ‎1-9: Clinical outcomes of SSPI. 
 VB compression (%) Kyphosis (°) 
 Pre Post FU Pre Post FU 
Deng et al. [121] 60 ± 9 – 28 ± 12 17 ± 7 – 8 ± 5 
Muralidhar et al. [148] – – – 24 – 13 
Parker et al. [33] – – – 11 -1 3 
Sanderson et al. [149] 38 ± 14 16 ± 7 21 ± 9 21 ± 9 6 ± 3 14 ± 8 
Shen et al. [145] – – – 23 ± 6 6 ± 8 12 ± 8 
Tezeren et al. [140] 41 ± 14 5 ± 1 15 ± 1 19 ± 1 4 ± 1 10 ± 1 
Wang et al. [150] 44 ± 13 10 ± 16 14 ± 15 25 ± 6 8 ± 6 9 ± 6 
Yang et al. [151] 46 3 11 20 3 8 
VB compression: percent loss of VB height with respect to intact conditions; Pre: 
pre-surgery; Post: post-surgery; FU: follow-up. 
1.3.2 Kyphoplasty 
Kyphoplasty (KP) is a cement augmentation technique which combines 
vertebroplasty (VP) with direct reduction of the fracture. Cement augmentation is a 
minimally invasive procedure where bone cement is delivered within the vertebral 
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body. In order to provide better mechanical stability, the cement bolus should 
ideally be located within the anterior third and centre of the vertebral body [152]. 
The pain relief effect has been supposed to arise from the stabilisation of the micro 
motions within the fracture [153]. The peculiarity of KP is the uses of an inflatable 
balloon tamp (IBT) mounted on the tip of a thin cannula to reduce the fracture 
prior to cement injection. The aim of the reduction is restoration of the vertebral 
body height as well as correction of kyphosis. Fluoroscopic imaging is commonly 
used throughout the procedure to provide real-time assessment and guidance. KP 
is carried out as follows (Figure ‎1-14) [152]: 
1) With the patient prone, a cannula is inserted through each pedicle by 
breaching through the posterior cortex of the lamina. The cannulae 
are advanced towards the anterior portion to suit the target 
alignment. The outcome of the procedure strongly depends on the 
correct initial positioning of the cannulae. If both the endplates are 
compromised than a more horizontal trajectory is preferred. On the 
other hand if only one endplate is compromised, then the IBT should 
be closer to the opposite endplate hence allowing room for adequate 
reduction of the fragments. 
2) The stylus is removed from the cannula (the cannula is now a port 
within the vertebral body) and the hand drill is inserted to create a 
channel within the trabecular structure for the IBT up to 2 - 3 mm 
before the cortical wall. 
3) An IBT is inserted through each cannula and progressively inflated to 
obtain a uniform reduction of the fragments. The inflation is stopped 
when satisfactory realignment of the endplates is achieved, the IBT is 
in contact with the cortical shell or the maximum pressure/volume of 
the IBT is reached. 
4) Following deflation, the IBT is removed and bone cement is injected 
through the cannula until considered satisfactory. Care is taken to 
avoid leakage of cement in the paravertebral space.  
Polymethylmethacrylate (PMMA) has been firstly used as cement for VP and 
it is still the most popular choice for wedge fractures [154]. However, in recent 
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years ceramic cements have become more popular due to their osteoconductivity 
and potential for resorption. Calcium phosphate (CaP) cements are one the most 
commercially used formulations and in vivo studies have proved their 
osteoconductivity and better integration in comparison to PMMA. Libicher et al. 
[155] have shown resorption at the interface of the CaP cement bolus at 12 months 
post-KP, as well as significant higher presence of osteons and better bone contact. 
Likewise, Chen et al. [156] have found in SSPI – VP (with calcium sulphate cement) 
patients a gradual resorption at 12 weeks with substantial resorption at 12 month 
follow-up. However, a fraction of the cement will always remain, since maximum 
resorption at 10 year follow-up has not exceeded 56 % (average 23 %) of the initial 
cement volume [154]. Conversely to PMMA, ceramic cements do not set by means 
of a polymerization reaction. Due to the nature of the compound, ceramic cements 
set by forming crystals through a slow reaction at body temperature [157]. CaP 
cement is therefore considered safer than PMMA, not only because less toxic 
[157], but also because the high temperatures reached during polymerisation may 
cause tissue necrosis and/or neurological damage in the event of leakage [39]. 
Complications due to cement leakage may be catastrophic, leading to paraplegia 
and even death [158]. Due to the comminuted nature of burst fractures, the risk of 
cement extravasation is higher than in wedge fractures and therefore PMMA 
augmentation is often ill-advised [117]. On the other hand, CaP cement is more 
expensive than PMMA whilst having inferior mechanical properties [157]. However, 
Grafe et al. [159] have obtained similar in vivo outcomes in terms of pain relief and 
height restoration comparing PMMA and CaP KP for osteoporotic compression 
fractures. 
KP is a relatively new treatment option in burst fractures and several 
surgeons have advised using CaP cement because of the younger age of the 
patients [38, 160]. Younger patients can indeed benefit more from the 
osteoconductivity of the biomaterial through the promotion of bone integration 
and resorption [154]. On the contrary, PMMA augmentation would result in an 
inert mass of resin within the vertebral body, which, in combination with the 
necrotic effect of the polymerisation reaction, may lead to degenerative problems 
in the long term in young patients [161]. Clinical outcomes of CaP KP for trauma 
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patients have been so far satisfactory. Maestretti et al. [154] have studied 21 
patients and at 10-year follow-up they have shown an improvement of the 
disability scores with no evidence of disc degeneration. In addition, kyphosis 
progressed by just 1° (from 10 to 11°) whilst there were no signs of vertebral height 
loss. However, the authors have not observed as much cement resorption as 
expected. 
Consistency of KP strongly depends on accurate planning of the cement 
volume to be injected [162]. In fact, cement volume is considered the most 
relevant predictor of pain relief. Röder et al. [163] have recommended injection 
volumes higher than 4.5 ml to achieve relevant pain alleviation. However, the 
authors have shown that type A3.1 fractures (i.e. superior burst fractures) only 
have about a third of the probability of pain relief compared to type A1.1 fracture 
(i.e. endplate impaction with no comminution). Therefore, the extent of the 
comminution of the vertebral body is a significant risk factor for the outcome of the 
intervention. 
The risk of fracture of the levels adjacent to the treated vertebra is a diffused 
concern when cement augmentation techniques are carried out, whilst clinical case 
series have shown a higher incidence of adjacent fractures in KP compared to VP 
[164]. The stiffening effect of the cement bolus within the vertebral body increases 
surface strains on the adjacent vertebrae, as a result of the stress concentration at 
the treated level [165, 166]. Several authors have shown that reducing the elastic 
modulus of PMMA cement may help mitigating the risk of subsequent fractures, 
since it prevents over strengthening of the spinal segment [167, 168]. In addition, 
the cement bolus affects normal deformation of the endplate [169], hence 
increasing pressure within the nucleus [166], resulting in compression of both the 
adjacent intervertebral space and vertebra [170]. Although it is clear that 
augmentation alters the load transfer through the spine, the phenomena leading to 
the fracture are still poorly understood, as they are also linked to progression of 
osteoporosis [153, 171].  
KP has shown to be effective in treating burst fractures also in comparison to 
SSPI. Zhang et al. [172] have not found any significant difference in terms of loss of 
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correction at 2 year follow-up. In addition, KP had a significantly smaller blood loss 
and operative time, though it must be noted that the initial correction achieved by 
SSPI was significantly better. KP provided a 5° kyphosis correction whilst in SSPI it 
was about 13°, similarly, KP provided ~16% height recovery whilst SSPI achieved 
more than 30%.  
 
Figure ‎1-14: Representation of kyphoplasty procedure on a complete burst 
fracture. A: positioning of the cannulae. B: reduction of the fracture by inflation 
of the IBT. C: injection of the cement within the vertebral body. 
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1.3.3 Short segment posterior instrumentation with kyphoplasty 
KP has proved its effectiveness in treating burst fractures, yet it is not able to 
deliver the reduction performance of SSPI. On the other hand, SSPI has shown 
inconsistent results due to lack of anterior support [156]. The major concern is 
indeed the loss of correction over time, although bone union appears to occur in all 
cases [147]. KP is a minimally invasive procedure which can provide stabilization of 
the anterior column through cement augmentation whilst aiding further fracture 
reduction [117, 173]. Therefore, several surgeons have decided to combine the 
advantages of the two techniques and perform both (SSPI – KP) (Figure ‎1-15). 
Extensive description of the surgical procedure can be found in Marco et al. [40], 
where the authors have treated unstable burst fractures with and without 
neurological deficit. In addition to SSPI and KP, laminectomy was also performed to 
provide further nerve decompression. On average, the procedure lasted about 120 
minutes with a blood loss of 300 ml and required a six day hospitalisation. Although 
all the patients improved at least one Frankel grade, several authors discouraged 
the use of laminectomy since canal remodelling starts within 2 - 3 weeks from 
surgery [174]. 
 
Figure ‎1-15: Representation of a single level burst fracture treated with SSPI – KP. 
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SSPI - KP has proved to be clinically effective since patients undergoing it have 
shown earlier recovery than those treated non-surgically [175] with up to 95 % of 
them reporting early and long-lasting pain relief [34]. As mentioned above, post-
traumatic disc degeneration is a concern in the treatment of burst fractures. In 
addition, recurrent kyphosis following SSPI seems to happen in patients where the 
nucleus has crept back into the depressed portion of the endplate [118]. Verlaan et 
al. [176] have advocated the benefits of IBT reduction in restoring the shape of the 
endplate and disc space hence preventing nucleus intrusion. In a subsequent study, 
the same authors have shown clinically that when burst fractures are treated with 
SSPI - KP, there appears not to be any significant progress in disc degeneration at 
12 – 18 month follow-up [177]. On the other hand, the stress shielding provided by 
the fixators has been shown to induce changes in the mineralisation of the bridged 
facet joints as well as the adjacent ones [178]. He et al. [173], have compared KP 
with SSPI – KP using PMMA and better correction and disability score improvement 
were achieved in the second group. Loss of correction at follow-up has been 
observed in both groups but it was lower in SSPI – KP (no implant failure or screw 
loosening detected). Similar trends can be found in other clinical case (Table ‎1-10). 
Although it is not clear whether CaP cement can lead to better long-term 
results than PMMA [177], the majority of the studies where younger patients were 
treated used CaP cement, for the reasons already described. In addition, younger 
patients seem to be less prone to loss of correction than the older ones (where 
PMMA is typically used) [179]. When compared to SSPI (Table ‎1-9) a trend of loss of 
correction can be identified in SSPI – KP too. However, the latter seems to be able 
to tackle the phenomenon better.  
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Table ‎1-10: Clinical outcomes of SSPI in combination with KP. 
 VB compression (%) Kyphosis (°) CV (ml) 
 Pre Post FU Pre Post FU  
Acosta et al. [36] 46 ± 4 14 ± 8 20 36 ± 4 5 ± 6 9 –‡ 
Afzal et al. [180] 33 17 – 9 ± 9 -2 ± 9 – –‡ 
Bironneau et al. [179] 31 10 14 15 5 6 7.6* 
Blondel et al. [38] – – – 14 3 5 7.8* 
Fluentes et al.[181] 35 11 14 14 3 5 6.4* 
Korovessis et al. [182] 34 8 – 12 -2 – 3.0-6.0† 
Toyone et al. [183] – – – 20 -1 1 –ᶧ 
Verlaan et al. [39] 34 12 – 11 -2 – –† 
VB compression: percent loss of VB height with respect to intact conditions; Pre: 
pre-surgery; Post: post-surgery; FU: follow-up; CV: cement volume; †: CaP cement; 
‡: PMMA cement; *results from PMMA and CaP cement pooled together; ᶧ: solid 
hydroxyapatite. 
 
1.4 Biomechanical investigations 
Biomechanical investigations are paramount to gain a thorough 
understanding of spinal biomechanics and related treatments. The following 
section is meant to provide an overview of the literature relevant to the 
experiments carried out in this study. 
1.4.1 Burst fracture mechanics 
As introduced above, the major limitation in effective diagnosis of the injury 
arising from a spinal burst fracture is that it arises during a highly dynamic event 
that cannot be investigated at presentation of the patient [28, 184]. Therefore, the 
dynamics of burst fracture has been an area of debate and study in biomechanics. 
Due to the high amount of energy involved in the fracture, the viscoelastic 
properties of the spine have been considered the major determinants of the 
fracture. Several authors have supposed that it originates from the forceful 
displacement of the nucleus hence causing the endplate to shatter. The nucleus 
may indeed behave like a solid at high strain rate due its high water content [185] 
and experimental tests have shown that the healthier the disc the more likely is a 
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burst fracture to occur [186]. Ochia et al. [187] delivered axial loads to single 
vertebral bodies at different strain rates and have found that the endplates are 
more prone to fail at higher strain rates (2500 mm/s) than the core of the vertebra. 
In addition, the same authors have shown an increased pressurisation of bone 
marrow during the impact which may cause damage to the trabecular bone [185]. 
The viscoelastic properties of the spinal structures are clearly important since 
increasing the loading rate of the impact results in a 17 % increase of the ultimate 
force of the lumbar spine [188]. However, several authors have argued that the 
origination of the fracture/injury may be driven by more complex phenomena, 
rather than the sole failure of the endplate.  
Hongo et al. [189] applied axial compression to three-adjacent-vertebrae 
segments whilst measuring surface strains at different locations. The highest 
tensile strain was recorded on the vertebral body at the base of the pedicles. On 
the other hand, strain at the same location significantly decreased when the 
pedicles were resected. Those results prove that a significant amount of load is 
transferred from the facet joints to the vertebral body through the pedicles and the 
authors have indicated this region as critical for the fracture onset. Areas of strain 
concentration at the same location have been also detected in a computational 
simulation of impact loading [190]. Langrana et al. [191] have published a 
comprehensive assessment of burst fracture mechanics where they have provided 
evidence that the fracture originates from a combination of axial and shear loading. 
In addition to the commonly accepted endplate loading, the authors have 
demonstrated the importance of the load transferred at the facet joints. The axial 
impact results in a forceful displacement of the posterior articular processes within 
the adjacent joints. Therefore, the authors have advocated that this wedging effect 
is transmitted from the facets, through the pedicles, to the vertebral body which 
fails where strains concentrate the most: at the root of the pedicles. Thus, the 
fragment retropulsed within the spinal canal originates from the breakage of the 
cortical shell where the root of the pedicles joins the posterior wall. The authors 
corroborated their hypothesis through experimental and numerical simulations 
where they compared different loading scenario on single vertebrae and three-
adjacent-vertebrae segments. 
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The drop-weight protocol is the most widely exploited methodology to induce 
burst fractures in vitro [192]. The technique is based on dropping a mass onto the 
sample from a known height hence delivering an impulsive amount of energy. This 
experimental protocol allows generating high strain rate and simulating impact 
conditions such as in trauma (e.g. fall from height, car accident). The investigator 
can vary the mass of the dropped weight (m) as well as the height where the 
weight is dropped from (h) to adjust the velocity (V) and energy (E) at the impact as 
follows [193]: 
 𝑉 = √2𝑔ℎ (‎1-1) 
 𝐸 = 𝑔𝑚ℎ (‎1-2) 
Higher energy and velocity usually result in more severe fractures and canal 
occlusion (Table ‎1-11). Panjabi et al. have developed a protocol where incremental 
impacts are delivered until fracture occurs to achieve more consistent fracture 
patterns and experimental conditions [194]. Spine segments have been often 
tested in flexion/extension condition by placing a wedge between the extremes of 
the sample and the impact surface [194-196]. In addition, some authors have 
deliberately pre-damaged the vertebra under study to drive the burst and resultant 
fracture appearance [195]. However, there is no consensus about what 
experimental protocol can replicate the in vivo conditions at best. 
Several works have focused on understanding the dynamics of SCO. Kifune et 
al. tracked the changes in SCO under different static loading condition by applying 
radio-opaque beads within the canal of burst fractured samples and then taking 
lateral radiographs [24]. However, this technique does not allow measuring SCO 
during the fracture onset. Tran et al. [25] have developed a sensor based on a 
plastic tube fitted within the spinal canal. Therefore, the authors have been able to 
extrapolate the dynamic SCO during the fracture from the variation of the pressure 
within the tube. The same technique was exploited again in other works to 
investigate different loading conditions and spinal regions [27, 197, 198]. A 
different methodology to quantify the dynamics of SCO during the fracture onset 
has been developed by Wilcox et al. [26]. The authors shone a light through the 
spinal canal and filmed its projection throughout the impact to estimate the 
changes of the canal CSA. Results from those works have demonstrated that SCO 
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reaches a maximum at the fracture onset when the fragment is retropulsed within 
the canal. Following the transient phase, the fragment is recoiled leading to the 
lower of SCO which is measured clinically at rest (Table ‎1-11). 
Table ‎1-11: in vitro creation of spinal burst fractures using drop-weight protocol. 
 Sample Energy Velocity Flexion SCO SCOmax 
  (J) (m/s) (°) (%) (%) 
Carter et al. [197] Human 66.2 5.4 0 22 ± 11 72 ± 3 
Jones et al. [196] Human 245.3 4.4 15 30 ± 15 – 
Kallemeier et al. [195] Human 117.7 5.4 15 41 ± 12 – 
Kifune et al. [24] Human – 5.2 8/15 30 ± 16 31 ± 16 
Panjabi et al. [28] Human 30.7 – 164.0 5.2 8/15 18 ± 6 33 ± 11 
Panjabi et al. [194] Human 100.3 5.2 8 30 ± 21 – 
Tran et al. [25] Bovine 35.1 3.7 0 – 48 ± 14 
Wang et al. [193] Bovine 137.2 4.4 0 33 ± 18 – 
Wilcox et al. [26] Bovine 20.0 – 140.0 6.3 0 – 50 ± 20 
SCO: spinal canal occlusion; SCOmax: maximum spinal canal occlusion. 
1.4.2 Kyphoplasty 
Verlaan et al. [199] used a drop-weight protocol to create in vitro burst 
fractures and then performed SSPI – KP. Results in terms of cement leakage and 
reduction have confirmed its safety for treating spinal burst fractures. In a 
subsequent study, the same authors have investigated the displacement of the 
anterior and posterior bone fragments at different stages of SSPI – KP through 
radiographic image processing [200]. Ligamentotaxis significantly reduces the 
displacement of the fragments from their intact position whilst inflation of IBT 
displaced them again. However, the fragments returned to the post-reduction 
position following deflation of the IBT, hence not worsening SCO. In addition, 
Verlaan et al. [176] have investigated the evolution of vertebral body height and 
intervertebral space throughout the SSPI – KP procedure. Inflation of IBT 
significantly increased vertebral height further to what obtained with 
ligamentotaxis. The additional reduction was lost at deflation of IBT, although 
injection of CaP cement partially recovered the height loss. Disch et al. have also 
detected a loss of kyphosis correction following deflation of IBT [201]. 
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Several studies have investigated the mechanical properties of the cement 
augmented spine. Fatigue testing by application of cycling loading is an effective 
way to simulate follow-up conditions and assess the long-term outcomes of a 
procedure. In the study by Kim et al. [202] single vertebrae were compressed to 
failure, treated with KP and then cyclically loaded to 100000 cycles. Although KP 
allowed significant initial height restoration; post-test assessment has shown a 
complete loss of correction. Wilke et al. [203] have also detected an increase of 
vertebral body compression after cyclic loading of KP treated osteoporotic 
segments. Fatigue testing is also a worthwhile paradigm for the investigation of the 
occurrence of adjacent fractures. Several works have applied cyclic loading 
following VP and assessed whether factors such as PMMA cement stiffness are 
responsible for inducing the failure of the adjacent vertebra [167, 204]. Nagaraja et 
al. [170] applied cyclic loading (150000 cycles with amplitude 685 – 1370 N) to 
osteoporotic samples treated with VP. The authors measured the compression of 
the adjacent vertebral bodies and intervertebral disc spaces from CT scans by 
measuring the distance between the outer boundaries of the endplates. Results 
have shown that VP causes 3 % higher strain in the adjacent vertebral body when 
compared to the untreated group. 
1.4.3 Spinal instrumentation 
The majority of the studies aim at providing indication for surgeons in 
selecting the treatment that provides the best fracture stabilisation. Most of the 
literature consists of kinematic assessments of the treated spine to quantify 
changes in the ROM, stiffness and NZ. Therefore, testing apparatuses are designed 
to apply physiological loading conditions (i.e. moments, forces) whilst 
displacements and rotations are measured. The instability caused by burst fracture 
has been shown to result in an increase by 150 % of ROM in flexion/extension 
[205]. Overall, SSPI constructs have been found to provide sufficient stabilisation by 
significantly reducing ROMs in flexion/extension, lateral bending and axial rotation 
[205-208]. However, SSPI has been shown to induce an increase of the intradiscal 
pressure at the treated level [207] together with an increase of the surface strains 
on the posterior articular processes of the non-treated adjacent vertebrae [209]. 
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Those studies show that SSPI, although providing stabilisation, alters the load 
transfer through the construct; which has been supposed to be an additional 
leading cause for post-implant disc/facet degeneration. Hartensuer et al. [210] 
have shown that VP with PMMA cement does not significantly improve the 
stabilisation obtained with SSPI alone. However, the authors have suggested that 
the increase in rotational stiffness in flexion provided by VP may reduce the risk of 
implant failure. 
Kinematic investigations have been integrated with load sharing assessments 
where implants (i.e. screws, rods) were instrumented with strain gauges and then 
calibrated to measure the loads acting on them [211-213]. Results from Kettler et 
al. [214] have shown that lateral bending is the most demanding task for the fixator 
rods. A moment of 7.5 Nm resulted in a tensile force of 140 N and a moment of 1.1 
Nm whilst the same moment applied in flexion induced 100 N and 0.4 Nm, 
respectively. Melnyk et al. [215] have studied load sharing in shear conditions and 
shown that the rods are responsible for bearing 76 % of the total shear force when 
the facets are removed. Mermelstein et al. [216] compared SSPI and SSPI – KP with 
CaP cement on T10 – L3 human segments after inducing a burst fracture on L1. The 
authors have found KP to induce an increase of rotational stiffness in flexion whilst 
decreasing the moments acting on the screws from ~1 to ~0.4 Nm (5 Nm flexion 
applied). Those results have shown that, under quasi-static loading conditions, SSPI 
- KP may be able to provide the additional anterior stabilisation required to reduce 
the risk of implant failure and loss of correction. 
Fatigue properties of SSPI have been mainly investigated according to 
international standards for spinal implant testing [217, 218]. Therefore, the 
majority of studies exploited a corpectomy model where SSPI bridges two solid 
blocks with no anterior support [218, 219]. Alternatively, springs of known stiffness 
are added in between the blocks to mimic the stiffness of the spinal structures 
[217]. Lindsey et al. [220] have tested SSPI on a corpectomy model by applying up 
to two million cycles (i.e. run-out) at four Hz. The loading profile was a sinusoidal 
waveform where the ratio between the maximum and minimum value was set to 
10 (25 – 250 N and 70 – 700 N). The authors have shown that contouring the rods 
to match the kyphosis of the spine significantly reduces the fatigue life of titanium 
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(Ti6Al4V alloy) fixators. Similar results have been obtained for other alloys using the 
same experimental protocol [221]. 
Fatigue loading of fixators has been seldom performed on cadaveric tissue. 
Although it allows a more authentic replication of the clinical setting, the 
irreversible decay of the tissue is a strong limitation [78, 222]. The mechanical 
viability of the sample is tied to the length of the test and the number of cycles has 
to be reduced for the sake of reliability of results. Kinematic investigations have 
been carried out pre- and post-fatigue loading to simulate post-operative 
conditions. For instance, Morgenstern et al. applied 10000 compression cycles at 2 
Hz with amplitude 0 – 200 N to four level constructs [223], whilst Deviren et al. 
applied 35000 cycles of flexion/extension (8/- 6 Nm) at 2 Hz with a constant 400 N 
axial compression to LSPI treated segments. Keeping the sample moist when tested 
aids reducing changes in the mechanical properties of spinal soft tissue [222]. In 
addition, temperature controlled baths have been used to keep the sample 
submerged throughout the experiment and extend the length of the test up to 18 
hours [224]. 
1.4.4 In situ testing 
In situ testing is an experimental paradigm where stepwise loading is 
integrated with CT scanning, hence allowing the investigator to perform high-
resolution scanning of the sample under load. Therefore, the testing cell is 
designed to deliver a known force to the sample as well as satisfy the requirements 
for CT scanning. One of the firstly developed protocols allowed axial compression 
of a 9 x 22 mm specimen within a micro CT with a resolution of 34 m [225]. 
However, that testing cell required loading through a universal testing machine, 
with obvious issues to consistently maintain the applied strain when the rig was 
fitted into the scanner. Subsequently, the in situ protocol has been used with 
synchrotron radiation source CT to achieve resolution up to a few nm [226, 227].  
Despite the high resolution, micro CT typically has a limited field of view and 
sealed scanning chamber. High-resolution peripheral quantitative CT (HR-pQCT) has 
provided a viable alternative for whole bone scanning since it allows a cylindrical 
field of view up to 126 x 150 mm, although at lower resolutions (41 to 246 μm). The 
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first instance of an in situ investigation with HR-pQCT is from Hulme et al. [67]. The 
authors developed a rig to be fitted within the scanner where the axial 
compression could be applied manually by means of a screw-driven actuator. Load 
and displacement were recorded throughout the test as the rig was equipped with 
a load cell and displacement transducer. The authors tested functional spinal units 
which underwent scanning (82 μm resolution) at consecutive load steps (200, 500, 
1500-200 N). Image processing based on rigid registration of the two datasets was 
used to compute the deflection of the endplates. 
1.4.5 Anatomical reference frame 
As the candidate has already stated in a previous literature review paper [78], 
an accurate and consistent definition of a reference frame is paramount to allow 
consistent result collection/interpretation as well as comparison amongst different 
works/laboratories. An anatomical reference frame is based on the definition of 
axes and planes that are meaningful to the biomechanics of the bone/joint under 
study. Therefore, results can be reported in clinically relevant terms and allow 
comparison between in vitro and in vivo studies. The International Society of 
Biomechanics (ISB) has provided recommendations and urged some form of 
standardisation for joint coordinate systems [228]. However, there is still poor 
agreement on the subject and its relevance has not been fully appreciated yet.  
In their study series on vertebral quantitative anatomy, Panjabi et al. [58, 59] 
have implemented a reference frame based on digitisation of the following 
anatomical landmarks (Figure ‎1-16): 
 Points A, B, D and E define respectively the right, left superior and 
right, left inferior edges of the posterior wall of the vertebral body. 
The four points have shown to be consistently identifiable and less 
subjected to osteophytes. 
 A sufficient amount of points to describe the rim of the cranial 
endplate. 
A plane was fitted through the points A, B, D and E using the least-squares 
method. Therefore, the local axes and planes were defined as follows: 
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 The origin of the reference frame (C) is the centroid of the points 
describing the cranial endplate. 
 The frontal plane is the plane parallel to that fitted through A, B, D and 
E and passing through C. 
 The z-axis defines the antero-posterior (AP) direction. It is the line 
originating from C and orthogonal to the frontal plane. 
 The x-axis defines the left-right direction. It is the line originating in C 
and parallel to that passing through A and B (hence lying on the 
frontal plane). 
 The y-axis defines the cranio-caudal direction. It is the result of the 
cross product between the x- and z-axis. 
 The sagittal plane is the z-y plane. 
 The transverse plane is the z-x plane 
 
Figure ‎1-16: Local anatomical reference frame defined by Panjabi et al. Adapted 
from [59]. 
Measurements are usually taken using equipment that refers to its own 
reference frame or to what is considered to be the “laboratory” one. Therefore, it 
is often necessary to transform coordinates between reference frames to obtain 
results with respect to the planes of interest. The required transformation can be 
generalised for a single point as follows (Figure ‎1-17) [229]. 
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Given a point whose coordinates are described in the global reference frame 
as 𝑝 = (𝑥𝑔, 𝑦𝑔, 𝑧𝑔), it is possible to apply a linear transformation so that the same 
point can be described in a local reference frame as 𝑃 = (𝑥𝑙, 𝑦𝑙, 𝑧𝑙). The local 
reference frame has origin in 𝑂𝑙  defined by its position vector in global coordinates 
as: 
 ?̅? = 𝑂𝑙 − 𝑂𝑔 = (𝑂𝑥
𝑔, 𝑂𝑦
𝑔, 𝑂𝑧
𝑔) (‎1-3) 
The axes of the local reference frame can be described in global coordinates 
using unit vectors as: 
 𝑋𝑙̅̅ ̅ = (𝑢𝑥
𝑔, 𝑢𝑦
𝑔, 𝑢𝑧
𝑔) (‎1-4) 
 𝑌?̅? = (𝑣𝑥
𝑔, 𝑣𝑦
𝑔, 𝑣𝑧
𝑔) (‎1-5) 
 𝑍?̅? = (𝑤𝑥
𝑔, 𝑤𝑦
𝑔, 𝑤𝑧
𝑔) (‎1-6) 
A transformation of coordinates from global to local reference frame can be 
generalised to a combination of a translation and rotation. Therefore: 
 𝑃 = 𝑅𝑔
𝑙 ∙ (𝑝 − ?̅?) (‎1-7) 
Where the translation component is the distance from the origin of the local 
reference frame whilst the rotation matrix from global to local reference frame is 
built as: 
 𝑅𝑔
𝑙 = [
𝑢𝑥
𝑔 𝑢𝑦
𝑔 𝑢𝑧
𝑔
𝑣𝑥
𝑔 𝑣𝑦
𝑔 𝑣𝑧
𝑔
𝑤𝑥
𝑔 𝑤𝑦
𝑔 𝑤𝑧
𝑔
] (‎1-8) 
The inverse transformation requires the definition of a rotation matrix from 
local to global coordinates, which can be calculated as: 
 𝑝 = 𝑅𝑙
𝑔 ∙ 𝑃 + ?̅? = (𝑅𝑔
𝑙 )−1 ∙ 𝑃 + ?̅? (‎1-9) 
Since the rotation matrix is orthogonal with determinant 1, the following 
relationship applies (𝑅𝑔
𝑙 )−1 = (𝑅𝑔
𝑙 )𝑇 and the transformation of coordinates from 
local to global reference frame can be rewritten as: 
 𝑝 = 𝑅𝑙
𝑔 ∙ 𝑃 + ?̅? = (𝑅𝑔
𝑙 )𝑇 ∙ 𝑃 + ?̅? (‎1-10) 
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Figure ‎1-17: Generalised representation of a transformation of coordinates for a 
point from global to local reference frame. 
1.4.6 Strain gauge measurements 
Strain gauges have been extensively used in biomechanics for measuring 
surface strains on the vertebra [189, 230] as well as implants [231-233]. In a 
previous work from Cristofolini et al., the candidate investigated the surface strain 
distribution in lumbar vertebrae using tri-axial strain gauges [81]. 
A strain gauge is a sensor whose electrical resistance varies proportionally to 
the strain it undergoes [234]. Several configurations of strain gauges are available 
on the market, depending on the application. Uniaxial strain gauges are the 
simplest configuration where a single grid is laid on a carrier film to measure strains 
along the major axis of the gauge. The change in resistance caused by the strain is 
measured using a Wheatstone bridge circuit where the output voltage is function 
of the unbalance amongst the resistances connected to its arms. The basic 
configuration is the quarter-bridge, where only one arm of the bridge is active (i.e. 
where the strain gauge is connected). However, the measurement may be affected 
by experimental errors. The strain gauge is usually bonded onto the surface of the 
body under study and connected to the active arm of the bridge by means of lead 
wires. Therefore, uneven lead wire resistances and their variation due to 
temperature changes may induce measurement artifacts. Such errors can be 
compensated physically using a three-wire connection (Figure ‎1-18). 
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Figure ‎1-18: Three-wire connection of quarter-bridge circuit with shunt resistor 
applied across R3. 
A fundamental parameter in strain gauge measurement is the gauge factor 
(Gf) which represents the sensitivity of the gauge to strain. Together with the grid 
resistance is the main nominal parameter of the strain gauge and is defined as: 
 
𝐺𝑓 =
∆𝑅𝑔
𝑅𝑔
𝜀
 
(‎1-11) 
Given a three-wire configuration of quarter-bridge, the strain is calculated as:  
 𝜀 =
−4
𝑉𝑜𝑢𝑡
𝑉𝑒𝑥
𝐺𝑓 (1 + 2
𝑉𝑜𝑢𝑡
𝑉𝑒𝑥
)
(1 +
𝑅𝐿
𝑅𝑔
) (‎1-12) 
Shunt calibration is an additional procedure which involves simulating an 
input strain by shunting an arm of the bridge with a resistor of known amount (Rs). 
The actual output of the bridge is then compared to that expected if all the 
components had their nominal values. The calibration procedure returns a constant 
which is multiplied to Gf to compensate for errors over the measurement path. 
Reliability of strain measurements was verified by applying four-point 
bending to a titanium rod (same material used for experiments, see ‎2.1.3). A 
uniaxial strain gauge was bonded onto the surface of the rod (‎2.2.3.1), where the 
maximum strain was estimated to occur, and good association was found between 
experimental results and those calculated analytically using beam theory. 
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Research Objectives 
From the overview of the literature provided, it is evident that traumatic 
vertebral fractures may lead to severe impairment and the performance of the 
treatment is crucial for its safety and successful outcome.  
Spinal burst fractures are a common cause of instability and neurological 
deficit. It is generally acknowledged that the injury arises during the dynamic phase 
of the fracture. IPW is a distinctive feature of the fracture and is relevance in the 
neurological insult has been proven clinically. However, little is known about its 
biomechanics.  
Treatment for spinal burst fractures aims at restoring biomechanics and 
providing stability. SSPI is currently the most chosen surgical option. However, 
clinical outcomes have been inconsistent showing loss of correction, re-fracturing 
and implant failure. SSPI – KP is a relatively recent surgical option which combines 
cement augmentation and spinal fixation. Clinical results have been so far 
encouraging; however long-term follow-ups are not yet available. Biomechanical 
investigation can help understand whether SSPI – KP can actually overcome the 
limitations of SSPI.  
1.4.7 Study aim 
The main aim of this work was to develop novel methodology for the 
investigation of spinal burst fracture: from onset to treatment. Therefore, the 
ultimate goal of the candidate was to provide a comprehensive biomechanical 
analysis to gain further insight on the mechanics of the fracture as well as the 
performance of the treatment. 
1.4.8 Collaboration on multiple myeloma FE model 
Collaboration with Dr. Nicholas Roberts and the University of Toronto aimed 
at the development of a FE model of MM infiltrated vertebrae to better understand 
pathology related fractures. It was responsibility of the candidate to develop a test 
protocol and provide experimental data for the definition and validation of the FE 
model. 
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1.4.1 Objectives 
The following objectives were pursued by the candidate to satisfy the aim of 
the study: 
 To develop a protocol for the consistent creation and investigation of 
spinal burst fractures in human cadaveric three-adjacent-vertebrae 
segments. 
 To provide comprehensive in vitro investigation of spinal burst 
fracture and dynamics of IPW. 
 To develop a protocol for the investigation of fatigue in human 
cadaveric three-adjacent-vertebrae segments treated with SSPI. 
 To provide comprehensive in vitro dynamic comparison/investigation 
of SSPI and SSPI – KP as treatment for spinal burst fractures. 
 To develop methods for 3D quantitative investigation of vertebral 
anatomy through medical image processing and integrate them with 
mechanical testing. 
 To develop an in situ testing protocol for use with human cadaveric 
three-adjacent-vertebrae segments. 
 To provide experimental data using in situ testing for the 
development/validation of an FE model of MM infiltrated spine. 
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Chapter 2: Materials and Methods 
This chapter provides description and details of the materials and methods 
used in this work. The candidate’s first task was to develop the in situ protocol and 
the related experiments necessary to Dr. N. Roberts for the development of an FE 
model of the MM infiltrated spine. In parallel to that collaboration, the candidate 
developed and exploited the methods to pursue the main aim of the work: 
investigate spinal burst fractures and related treatment. All the methods were 
developed through a comprehensive approach, were mechanical testing was 
closely tied to image processing. Such novel methods allowed the investigation of 
clinically relevant biomechanical issues. The main work can then be divided into 
two sub-projects, each requiring specific methods to suit the experimental 
requirements. In the first part, the candidate developed the protocol for the 
investigation of the onset of the fracture. Subsequently, the second part of the 
project required the development of methods for investigation of fatigue 
performance following SSPI and SSPI - KP. Image processing methods were 
developed to analyse HR-pQCT scans undertaken at all the stages of the two sub-
projects hence to follow the fracture pathway. 
2.1 Materials 
The materials used in this work comprise the human cadaveric tissue required 
for the experiments and the surgical material used to carry out SSPI and KP. 
2.1.1 Specimens 
Authorisation for the use of cadaveric tissue was provided by the regional 
NHS research ethics committee (in situ testing: REC No. 10/H1306/60; burst 
fracture experiments: REC No. 10/H1306/83). All the procedures were carried out 
in compliance with University of Leeds research ethics and human tissue act (HTA) 
requirements. Specimens were tracked throughout the experiments and storage 
using dedicated software for sample management (Achiever medical; Interactive 
Software Ltd., Birmingham, UK). 
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For the burst fracture investigation four spines were acquired through the 
Leeds Tissue Bank (Leeds Teaching Hospitals Trust, Leeds, UK). Following dissection, 
12 three-adjacent-vertebrae segments were obtained and tested (Table ‎2-1). The 
same samples were used for both the fracture creation and fracture treatment 
experiments. 
Table ‎2-1: Details of the donors and specimen division for burst fracture 
investigation. 
Donor Age BW Height Gender Level 
  (kg) (m)   
A 44 55.0 1.60 F T9-T10-T11 
A 44 55.0 1.60 F T12-L1-L2 
A 44 55.0 1.60 F L3-L4-L5 
B 46 89.5 1.70 M T9-T10-T11 
B 46 89.5 1.70 M T12-L1-L2 
B 46 89.5 1.70 M L3-L4-L5 
C 56 70.0 1.73 M T9-T10-T11 
C 56 70.0 1.73 M T12-L1-L2 
C 56 70.0 1.73 M L3-L4-L5 
D 38 85.6 1.75 M T9-T10-T11 
D 38 85.6 1.75 M T12-L1-L2 
D 38 85.6 1.75 M L3-L4-L5 
BW: body weight. 
 
For the in situ investigation a total of seven spines were acquired through an 
international tissue provider service (Science Care Inc., Phoenix, AZ, USA). All the 
donors were diagnosed with MM and the pathology was considered the primary or 
secondary cause of death. Following dissection, eight three-adjacent-vertebrae 
segments were obtained and tested (Table ‎2-2). The residual tissue was used by 
other researchers from the group in other studies. 
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Table ‎2-2: Details of the donors and specimen division for in situ investigation. 
Donor Age BW Height Gender Level 
  (kg) (m)   
E 57 64.4 1.62 F T2-T3-T4 
F 83 88.4 1.80 M T2-T3-T4 
G 67 49.9 1.55 F T2-T3-T4 
G 67 49.9 1.55 F T5-T6-T7 
H 53 49.9 1.83 M T2-T3-T4 
I 62 72.6 1.85 M T2-T3-T4 
J 90 67.1 1.70 M T11-T12-L1 
K 60 113.4 1.75 M T11-T12-L1 
BW: body weight. 
 
Samples were stored frozen at -18°C in sealed bags and thawed overnight 
when required for preparation/testing. Freezing – thawing cycles were reduced to 
the minimum possible and at completion of each procedure/experiment the 
sample was promptly returned to freeze storage to minimise tissue decay. 
2.1.2 Kyphoplasty 
KP was performed using commercially available kit and cement. All the 
components of the kit belonged to the same manufacturer series (KYPHON series; 
Medtronic, Memphis, TN, USA), which comprised the IBT (KYPHON Xpander IBT; 
Medtronic), cannulae, trocars and syringes equipped with pressure gauge to inflate 
the IBT (KYPHON Xpander Inflation Syringe; Medtronic). All the IBTs used where the 
same size (Table ‎2-3). Two syringes were required to inflate two IBTs at a time. 
CaP cement (Kyphon Injectable Bone Void Filler, Medtronic Sofamor Danek, 
Memphis, TN, USA) was injected in all the samples which undertook KP. Each 
cement box contained 10 g of CaP salts and 4.3 ml of aqueous phosphate water 
that were mixed according to manufacture specifications. Details provided by the 
manufacturer required mixing the two components for 45 seconds and completing 
the injection within four minutes. Following injection, the patient (in this case the 
specimen) is not to be moved for the first 20 minutes, then the cement is designed 
to reach its full strength in 24 hours (Figure ‎2-1). 
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Table ‎2-3: IBT specifications. 
IBT type 
Initial 
Length 
Cannula 
diameter 
Max 
pressure 
Max 
diameter 
Max 
length 
Max 
volume 
 (mm) (kg) (psi) (mm) (mm) (cm3) 
15/3 15 4.2 400 14 20 4 
The maximum values refer the maximum inflation conditions of the IBT. 
 
 
Figure ‎2-1: Compressive strength at 37°C of the CaP cement used. Data obtained 
from manufacturer specifications. 
2.1.3 Short segment pedicle instrumentation 
SSPI kit and implants were purchased from an orthopaedic implant 
manufacturer (Vishal Surgitech Pvt. Ltd., Rajkot, India). The SSPI implants used in 
this work consisted of polyaxial pedicle screws and fixator rods made of Ti6Al4V 
(Titanium alloy commonly used in SSPI). The nut of the screw was allowed to tilt 
within a 50° cone about the main axis of the screw. The size of each screw (core 
diameter and length) and length of the fixator rods were chosen for each samples 
based on evaluation of the vertebral geometry from HR-pQCT scans. All the 
constructs were equipped with 5 mm diameter fixator rods. The SSPI implants were 
purchased from the above mentioned manufacturer mainly due to budget 
limitations. A total of 48 screws were purchased at the individual cost of about £ 30 
($ 45); whilst the cost of a pedicle screw from more affirmed manufacturers can be 
as high as £ 800. From a qualitative inspection, the purchased screws were all 
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intact and presented the main common features (e.g. variable thread profile) as 
other commercially available designs (Figure ‎2-2). 
 
Figure ‎2-2: Polyaxial pedicle screw designs from different manufacturers. A: 
Vishal Surgitech (used in this study); B: Stryker; C: DePuy Synthes. 
  
- 59 - 
2.2 Methods 
The methods described below were all developed by the candidate except for 
that necessary for the development of the FE model (‎2.2.1.4). That section was 
taken from the manuscript prepared by Dr. N. Roberts for submission to a peer-
reviewed journal [2], where the candidate was second author. The methods used 
for the investigation of the mechanics of spinal burst fractures have been published 
as a research article on a peer-reviewed journal where the candidate is first author 
[1]. All the bespoke fixtures and components used in the experiments, except when 
specified, were designed by the candidate in a CAD suite (SolidWorks; Dassault 
Systèmes, Waltham, MA, USA), who also liaised with the technical team for the 
manufacturing/assembly. The candidate developed autonomously all the bespoke 
software used for data logging/processing and interface with sensors. All the 
applications implemented paradigms (e.g. event structure, state machine, FPGA) to 
comply with best coding practices, as learnt through dedicated training completed 
during the first year of doctorate.  
2.2.1 In situ testing 
As described before (‎1.4.4), the in situ approach was firstly developed by 
Hulme et al. [67]. Therefore, the design of the testing rig used [67]by the 
aforementioned authors was of significant influence for that used in this work. 
Their protocol was developed for testing functional spinal units whilst in this work 
three-adjacent-vertebrae were tested. When the candidate embarked on the 
collaboration the testing rig had already been partially developed by other 
researchers within the group. However, the apparatus was lacking substantial 
features and components to make it operative. Therefore, the candidate designed 
additional fixtures (e.g. sample embedding rig) and added displacement 
measurement capability. In addition, software for data logging was developed. 
2.2.1.1 Specimen preparation 
Three-adjacent-vertebrae segments were excised from whole spines through 
careful tissue dissection. Care was taken not to damage the facets and the 
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intervertebral discs adjacent to the central vertebra of the segment. Except for the 
facet capsules, ligamentous structures were removed to ensure load transmission 
only through the endplates and facet joints. Any residual soft tissue on the most 
external endplate surface of the adjacent vertebrae was removed to obtain a clean 
surface for embedding. 
The two extremities of each segment were embedded in laboratory grade 
PMMA (WHW Plastics, Hull, UK) to consistently align the specimen within the 
testing rig as well as provide two flat parallel loading surfaces. A steel rod was fit 
within the spinal canal and secured against its anterior surface, as previously done 
by Oakland et al. [168], to firmly hold the specimen. The rod was fastened on a 
bracket that kept it perpendicular to the ground. Then, the alignment of the 
segment was manually corrected by adjusting how the rod fit within the spinal 
canal. The overall alignment was adjusted with the aid of a set of engineer’s 
squares to keep the endplates of the central vertebra as parallel as possible to the 
ground (both on sagittal and frontal plane). Rotation around the cranio-caudal axis 
was neglected as not relevant for the testing conditions. Accurate alignment of the 
sample at the embedding stage is paramount to maintain the loading direction 
repeatable and physiologically relevant. Subsequently, the sample was lowered 
into a lubricated plastic cylindrical pot down to approximatively mid-height of the 
vertebra; taking care not to lose the alignment. The spinal canal was kept as 
reference and centred within the pot. PMMA was then mixed and poured up to the 
brim of the pot (Figure ‎2-3). When the PMMA was completely set (20 – 30 minutes) 
the sample was tilted upside down and held parallel to the ground by a bracket. 
The non-embedded extremity of the segment was then lowered in an equal pot, to 
a similar depth as above, and PMMA was poured again (Figure ‎2-4). Care was taken 
to keep the cement away from the facet joints. At complete setting, the two pots 
were removed (they are re-usable) to allow fitting the sample within the testing 
cell. The specimen was then ready for testing, with the central vertebra and facet 
joints free whilst each adjacent vertebra was embedded in a cylindrical layer of 
PMMA. 
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Figure ‎2-3: Embedding of the most caudal extremity of a spinal segment. 
 
Figure ‎2-4: Embedding of the most cranial extremity of a spinal segment following 
embedding of the opposite side. 
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2.2.1.2 Development of the testing rig 
A testing rig was developed to fulfil the requirements for in situ testing 
(Figure ‎2-5). Therefore, the apparatus was designed as a sealed cell to be fit within 
the scanning chamber of the HR-pQCT scanner (Xtreme CT; Scanco Medical AG, 
Brüttisellen, Switzerland) whilst consistently loading the sample. The testing cell 
comprised of a radio-transparent Perspex tube, whose extremities were flanged 
against two plates. One plate was designed to fit the locking joint within the 
scanning chamber to hold the sample container. The plate on the other side had 
fittings for the external part of the scanning chamber and housed the actuator. 
Axial compression was delivered by means of a manual screw-driven actuator. 
Therefore, the investigator imposed the displacement of the loading plate by 
tightening a threaded rod (M16x1). The loading plate and the threaded shaft were 
connected through a thrust bearing which allowed decoupling torque (induced by 
the rotation of the threaded bar) and transmit axial force. In addition, the 
clearance between the components which housed the thrust bearing allowed 
compensating small misalignments between the specimen and the loading plate 
(i.e. to minimise unwanted moments). A 4.4 kN uniaxial load cell (Model 31; 
Honeywell-sensotec, Ohio, USA) was mounted between the loading plate and 
thrust bearing to measure compression. Axial displacement was measured through 
a linear variable displacement transducer (LVDT, model ACT 1000A; RDP 
Electronics, Wolverhampton, UK) with 50 mm stroke, fastened on the outer flange 
of the testing cell. A two mm deep recess was machined both on the loading plate 
and opposite base (where the other PMMA layer sat) to keep the sample in place 
when the rig is tilted horizontally within the scanner. 
The analogue signals from the load cell and LVDT were preconditioned 
through dedicated amplifiers (RDP Electronics, Wolverhampton, UK) and then 
connected to a USB data acquisition (DAQ) device (NI USB-6009 DAQ; National 
Instruments Corporation, Austin, TX, USA). Custom software was developed 
(LabVIEW; National Instruments Corporation) to provide the user with real-time 
zeroing and reading of signals (on the front panel of the code) as well as continuous 
data logging into a spreadsheet file. The architecture of the software was based on 
a Producer/Consumer design pattern which allowed data sharing among multiple 
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loops running at different rates. Whilst the producer loop acquired the signals at 
the user-defined sampling frequency, the consumer loop buffered, processed and 
logged the data on a file. The consumer loop integrated a state machine to better 
organise the work flow.  
Compliance of the whole rig was assessed to identify measurements error in 
the displacement, mainly caused by the deformation of the Perspex tube under 
load. A solid steel cylinder was loaded up to 4 kN within the rig. Since steel can be 
considered linear elastic, any load decay over time was attributed to the 
viscoelasticity of the other plastic components of the rig. Elongation of the steel 
rod and Perspex tube were estimated analytically and compared to what measured 
by the LVDT. At 4 kN compression, the elongation of the rig and steel rod were 
estimated to be 77 and 2 μm, respectively. The LVDT measured 177 ± 10 μm whilst 
the load decayed by 3.2 % over 5 minutes. The experiment showed that the testing 
rig is clearly affected by the compliance of its component. However, given the 
significantly lower stiffness of a spinal segment with respect to that of steel, the 
effect of compliance was considered negligible. 
 
Figure ‎2-5: Representation of the in situ testing rig. 
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2.2.1.3 Experimental protocol 
Specimens were wrapped in wet tissues (to keep them moist throughout the 
test) and then positioned within the rig with the cranial extremity in contact with 
the loading plate. The embedding procedure allowed the cranio-caudal axis to be 
consistently aligned with the loading axis. The testing rig was then positioned 
within the testing rig as per any other standard sample holder. The data-logging 
code was run throughout the test so that load and displacement could be logged 
continuously at 2 Hz. Transducer signals were zeroed before starting the loading 
procedure. Following an axial preload of 50 N, the specimen underwent three 
consecutive load steps at one kN increases (Figure ‎2-6). Therefore, load was 
increased from 50 N to 1, 2 and 3 kN, or until failure occurred. Failure was defined 
as a sudden drop in load (detected from the load cell measurement) together with 
a significant loss in stiffness (user feedback in advancing the screw-driven 
actuator). When the target load was reached, it was kept constant for two minutes 
by adjusting the position of the actuator. Then, the specimen was left relax 
(actuator still) until the next load step. Two scans were performed at each load 
step. First, a low resolution scan (246 μm, 250 projections) was taken to image the 
whole segment. Subsequently, a high resolution scan (41 μm, 1000 projections) 
was taken; limiting the area of scanning to the central vertebra. All scans were 
done at 60 kVp and 900 μA. The whole testing protocol took approximatively five 
hours, mostly because of the time required for the high resolution scans. 
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Figure ‎2-6: In situ loading protocol: example of a loading curve throughout the 
experiment. Two scans were taken after reaching the target load. 
2.2.1.4 Numerical model development 
Low resolution scans were used to assess signs of gross bone failure within 
the segment as well as make sure that the experimental conditions matched what 
expected. The high resolution scans were used to develop the FE model and 
identify boundary conditions. Each central vertebra was segmented in an image 
processing suite (Amira; Visualization Sciences Group, Burlington, MA, USA) and 
triangulated surfaces were created from the segmented volumes. A continuum 
tetrahedral mesh was then created from the 50 N load step data. The original mesh 
was then down sampled and used for sensitivity studies. An arbitrary greyscale to 
elastic modulus conversion [235] (based on a power law equation) was exploited to 
check the meshes’ sensitivity to element density. The mesh was considered to be 
insensitive to further discretisation when the reaction forces on the loading 
surfaces stabilised. Subsequently, definitive material properties were assigned by 
optimising the multiplier of the greyscale to modulus conversion for each model. 
Optimisation was based on the comparison between the reaction forces calculated 
by the model and that measured experimentally at the end of the scan (since load 
relaxation occurred). 
Boundary conditions were imposed as a displacement field to the endplates 
and facets, based on the work by Hojjat et al. [236], and Herblum et al. [237]; 
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where a similar approach was used for FE modelling of rat vertebrae. Each load 
step surface was aligned to the reference one (50 N load) by applying an affine rigid 
registration. Then, six loading surfaces (two endplates, two cranial and two caudal 
facets) were identified on the triangulated mesh of the vertebra at each load step. 
A built-in function was used to calculate the distance between the nodes of each 
loading surface at the reference state and subsequent load step (Figure ‎2-7). 
Therefore, the distance between the two selected regions could be assumed as the 
displacement that the surface underwent because of the applied load. Results were 
exported and the displacement of each node on the loading surface was imposed 
as boundary conditions for the nodes of the tetrahedral mesh (Figure ‎2-8). All 
models were solved using a software suite for FE analysis (Abaqus 11.1; Dassault 
Systèmes, Paris, France). 
Segmentation from high resolution scans allowed achieving higher accuracy 
and consistency in the identification of the boundary conditions as well as meshing. 
This was assessed qualitatively through an initial study where the low resolution 
scans where also segmented and processed. 
 
Figure ‎2-7: Schematic of the image processing procedure used to calculate the 
displacement of the loading surfaces. 
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Figure ‎2-8: Surface displacement caused by loading was used to define the 
boundary conditions of the FE model. Adapted from [238]. 
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2.2.2 In vitro creation of spinal burst fractures 
The candidate autonomously developed an experimental protocol for the 
creation and investigation of spinal burst fractures. The protocol focused on 
providing dynamic measurement of IPW during the impact. This was done to study 
the phenomenon in detail since there were no equivalent measures in the 
literature. As stated above, part of this section has been published in a journal 
article where the candidate was first author [1]. 
2.2.2.1 Specimen preparation 
Three-adjacent-vertebrae segments were excised from whole spines through 
careful tissue dissection (Table ‎2-1). Care was taken not to damage the 
intervertebral discs and facet joints adjacent to the central vertebra of each 
segment. In addition, care was taken to preserve the integrity of the main 
ligamentous structures, in particular PLL and ALL. Any residual soft tissue on the 
most external endplate surface of the adjacent vertebrae was removed to obtain a 
clean surface for embedding. The same procedure described above (‎2.2.1.1) was 
used to embed the extremities of the specimen in PMMA. In addition, the most 
anterior region and spinous process of the central vertebra were used as reference 
to define the orientation of the sagittal plane and align it with the centre line of the 
pots. In order to provide additional support, the adjacent vertebrae were 
embedded slightly above mid vertebral height. In addition, modelling clay was fit 
within the vertebral foramen prior to pouring PMMA and removed after it cured 
hence creating an opening through the spinal canal of the segment (Figure ‎2-11). 
No alterations were made to any of the vertebra to force occurrence and 
appearance of a burst fracture. Samples were kept wrapped in moist tissues 
throughout the test to keep them hydrated. 
2.2.2.2 Testing rig 
Fractures were created in vitro using a drop weight protocol to simulate an 
axial impact load. The drop weight apparatus was already in existence at the 
University of Leeds and it has been used in previous works on animal tissue [190, 
239]. The rig consisted of a frame which housed a guide rod used to drive the fall of 
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a mass cartridge (Figure ‎2-9). Weight of the mass cartridge could be changed by 
means of removable elements of known weight. The weight was dropped by 
releasing a latch mechanism through an external handle. 
The candidate designed an additional testing rig to house human cadaveric 
segments and be used within the drop weight apparatus (Figure ‎2-10). The caudal 
extremity of the sample was secured within a steel pot and its frontal plane was 
aligned with the centre line of the base of the rig. The guide rod drove the mass 
cartridge to deliver an impact against the upper surface of the impactor which 
rested onto the cranial extremity of the sample. The mass of the impactor resulted 
in a preload of approximately 50 N being applied to the specimen. The 
displacement of the impactor was constrained to be only axial by a ball bushing, 
which also minimised friction. Housing for a 45° mirror was machined both in the 
pot and impactor to create a light path through the spinal canal (Figure ‎2-12), as in 
the work of Wilcox et al. [26]. The position of the sample with respect to the 
impactor axis could be adjusted through slits machined on the different 
components. 
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Figure ‎2-9: Drop weight testing apparatus used to create in vitro burst fractures 
on human cadaveric spinal segments. 
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Figure ‎2-10: Testing rig used to investigate spinal burst fractures in vitro. The rig is 
to be positioned within the drop weight testing apparatus (Figure ‎2-9). Adapted 
from [1]. 
2.2.2.3 Dynamic measurements  
Dynamic IPW was calculated from the output signals of two LVDTs (Type 
AC1000A; RDP Electronics) connected to dedicated amplifiers (RDP Electronics). 
Accuracy of the LVDTs was assessed periodically by mounting the transducer within 
a bespoke rig equipped with a micrometer head (Mitutoyo, Kawasaki, Japan). 
Calibration was performed by comparing readings from the software to the 
displacement physically imposed. Position of the LVDT within the testing rig could 
be adjusted through magnetic stands whilst the height could be set through 
custom fixtures that also maintained the LVDT parallel to the ground. The 
measuring direction of the LVDT coincided with the main axis of its stem which was 
aligned perpendicularly to the sagittal plane of the specimen (centre lines on the 
pot used as reference). The measurement location was chosen on each specimen 
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to ensure adequate contact of the LVDT tip against a reproducible measurement 
point. Custom LVDT tips where designed to suit the measurement technique. A flat 
dish-shaped tip was fastened onto the stem of the LVDT to measure IPW on lumbar 
vertebrae (L1, L4). The tip was then put in contact with the most external aspect of 
the cranial facet joints (Figure ‎2-11). A spherical tip was fastened onto the LVDT 
stem when measuring IPW on thoracic vertebrae (T10). The shape and limited size 
of the thoracic facet joints did not allow a consistent access to the articular process 
as in the lumbar vertebrae. In addition, the thoracic facets do not protrude laterally 
as the lumbar ones and the other bony aspects would have physically interfered 
with the measurement. Therefore, the LVDT tip was put in contact with the region 
posterior to the root of the pedicles and above the costovertebral joint. The exact 
position of the LVDT tip was adjusted on each sample to minimise the influence of 
irregularities of the bony surface. In the lumbar vertebrae, the initial interpedicular 
distance (l0) was measured experimentally as the distance between the flat tips of 
the LVDTs. In the thoracic vertebrae, the initial distance was measured on the HR-
pQCT scans (l0CT) by matching anatomical features recognisable on the specimens.  
 
Figure ‎2-11: Positioning of the LVDTs for dynamic IPW measurement. Different 
positioning was required in lumbar and thoracic vertebrae. 
The displacement measured by the left and right LVDT was named Δlleft and 
Δlright, respectively, whilst the percent instantaneous IPW was calculated as follows 
(using l0CT in the thoracic specimens): 
 𝐼𝑃𝑊 =
∆𝑙𝑙𝑒𝑓𝑡 + ∆𝑙𝑟𝑖𝑔ℎ𝑡
𝑙0
100 (‎2-1) 
From each instantaneous measurement the following relevant parameters 
were identified: 
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 IPWmax: the maximum percent IPW corresponded with the maximum 
value assumed by IPW during the impact. 
 IPWres: the residual percent IPW corresponded with the final value 
assumed by IPW at the end of the transient phase (i.e. at rest 
conditions). 
Recordings from the LVDTs were set off by an optical trigger (W250 series; 
Sick, Waldkirch, Germany) whose output dropped when the mass cartridge crossed 
its light path during the fall (Figure ‎2-9). Signals were sampled at 5000 Hz over a 
period of 1 second from the triggering event. 
In order to acquire the signals of interest, both the LVDTs and optical trigger 
were connected to a DAQ board (NI cRIO-9074; National Instruments Corporation) 
equipped with a 4 channel analogue input module (NI 9215; National Instruments 
Corporation). The acquisition board was connected to a laptop computer (via 
Ethernet) running custom software (LabVIEW; National Instruments Corporation). 
The candidate autonomously developed the code which allowed processing the 
signals and logging the data into a spreadsheet file. The first requirement of the 
software was to work at a high sampling frequency (i.e. to be able to track the 
displacement of the pedicles in impact conditions). Hence, an application was 
developed to run on the reconfigurable field-programmable gate array (FPGA), 
which the DAQ board was equipped with. FPGA programming allowed 
deterministic interaction with the I/O modules at high frequency. The FPGA 
application sent the raw LVDT signals to the local host application (running on the 
laptop) via FIFO architecture. A FIFO is based on the first-in first-out queue concept, 
hence provides buffering capability when transferring data between 
hardware/applications. Therefore, the two applications could run asynchronously 
without any risk of data loss. The sampling frequency specified by the user was also 
the clock frequency on the FPGA, whilst the main local application ran at 10 Hz. The 
purpose of the main application was to process (e.g. calibration), visualise and log 
the signals into a spreadsheet format (i.e. .csv file) for further analysis. The FPGA 
application was launched by the main application at run-time, whilst the whole 
system operated in two subsequent modalities: test preparation and data-logging. 
During the first phase, signal from the LVDTs were displayed in real-time so the 
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user could zero the transducers as well as adjust the stroke of the LVDT (using the 
output voltage as reference). At this stage, the output of the optical trigger did not 
have any effect. When the experiment was set up, the user armed the data-logging 
session and the main application waited for the optical trigger to change its state 
(i.e. the mass was dropped) and activate the logging of data into file (over a 
specified period of time). When the logging was completed, the file was closed and 
the software stopped. 
Wilcox et al. [26], developed a methodology to investigate dynamic SCO in 
burst fractures and applied it on bovine tail three-adjacent-vertebra segments. The 
candidate replicated the same technique in his experiments as it had never been 
used on human tissue. As described in Wilcox et al. [26], two 45° mirrors housed in 
the pots were used to create a light path through the spinal canal that was 
representative of its minimum CSA. A high intensity halogen light was shone 
against the upper mirror (within the impactor) whilst a high-speed camera 
(Phantom v7.3; Vision Research Inc., Wayne, NJ, USA) filmed the projection onto 
the lower mirror (Figure ‎2-12). The camera was connected to a laptop computer 
running its proprietary software for video-acquisition and set to film at 5000 frame 
per second with a resolution of 608 x 600 pixels. Recording was set off by the same 
optical trigger used for the LVDTs, hence allowing synchronisation between the two 
measurements. The videos were then exported as a series of frames in 
uncompressed format (i.e. .tiff) and processed using a bespoke code (Matlab; The 
MathWorks Inc., Natick, MA, USA). Once imported within the software, the images 
were converted from grayscale to binary through application of a threshold to 
retain only the values with sufficient luminosity. The binary images underwent 
morphological filtering/labelling to remove noise and undesired components. 
Finally, the dynamic SCO was calculated as the area of the binary foreground. 
SCOmax represented the maximum occlusion (i.e. the minimum instantaneous canal 
CSA) whilst SCOres was identified as the residual SCO.  
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Figure ‎2-12: Experimental set-up ready for testing. a: view from the bottom 45° 
mirror; b: Dynamic SCO obtained from high-speed filming. 
2.2.2.4 HR-pQCT assessment 
Each specimen (whole three-adjacent-vertebrae segment) was scanned on 
HR-pQCT before and after testing using an isotropic voxel size of 82 μm (750 
projections). The scans were used to calculate the following parameters on the 
central vertebra using an image processing software suite [240, 241]: 
 BMD: calculated over a cylindrical volume centred at 40 % of AP 
distance, with diameter 60 % of AP distance and height 80 % of total 
vertebral height (identified as the distance between the deepest 
regions of the endplates) (Figure ‎2-13). Such volume was considered 
representative of the core of the vertebral body, the same procedure 
has been used in previous works [242]. 
 Pedicle angle: defined as the angle between the direction of the root 
of the pedicle and the AP direction (Figure ‎2-14), as in Zindrick et al. 
[62]. 
 SCOCT: the minimum area within the spinal canal pre- (SCA0) and post-
fracture (SCA1) was manually outlined on the slices of interest 
(Figure ‎2-15). Percent SCO was calculated as follows [122, 194]: 
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 𝑆𝐶𝑂𝐶𝑇 =
(𝑆𝐶𝐴0 − 𝑆𝐶𝐴1)
𝑆𝐶𝐴0
100 (‎2-2) 
 SCOclin: this is the SCO typically measured in clinics, where the pre-
fracture spinal canal area is estimated as the average between the 
spinal canal area of the two adjacent intact vertebrae (SCA’adj and 
SCA’’adj) [31]: 
 𝑆𝐶𝑂𝑐𝑙𝑖𝑛 =
(
𝑆𝐶𝐴𝑎𝑑𝑗
′ + 𝑆𝐶𝐴𝑎𝑑𝑗
′′
2 ) − 𝐶𝐴1
(
𝑆𝐶𝐴𝑎𝑑𝑗
′ + 𝑆𝐶𝐴𝑎𝑑𝑗
′′
2 )
100 (‎2-3) 
 IPWCT: this is the static IPW calculated from the HR-pQCT scans. The 
post-fracture interpedicular distance (l1CT) was estimated by identifying 
the measurement location of the LVDTs on the CT slices and compared 
to l0 (or l0CT in thoracic vertebrae): 
 𝐼𝑃𝑊𝐶𝑇 =
(𝑙1𝐶𝑇 − 𝑙0)
𝑙0
100 (‎2-4) 
 CSAmin: the minimum CSA of the vertebral body was calculated as the 
minimum area from the binary stack representing the whole volume of 
the vertebra (‎2.2.4.1). 
Images from the scans were also used to identify the presence of LF and 
fragment retropulsion. In addition, the fractures induced were graded in 
accordance with the classification of Magerl et al. [18]. In addition, more 
comprehensive image processing applications were developed, as described below 
(‎2.2.4). 
 
Figure ‎2-13: Region of interest for BMD calculation. 
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Figure ‎2-14: Measurement of the pedicle angles on the intact scan. 
 
Figure ‎2-15: Measurement of the spinal canal area on HR-pQCT scans. Note the 
fragment retropulsion. 
2.2.2.5 Experimental protocol 
Feasibility of the experiments, reliability of the measuring technique and its 
data-logging software were assessed through a concept-validation trial were a 
synthetic three-adjacent-vertebra segment was tested (Sawbones, Pacific Research 
Laboratories, Vashon Island, WA, USA). Noise on the LVDT signals was estimated to 
affect the displacement measurement by approximatively ± 8 μm (amplitude of the 
signal measured with the LVDT in static conditions). 
Human cadaveric specimens were divided in two groups, in order to have two 
T10, two L1 and two L4 per group. Samples were considered evenly distributed 
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since no difference was found between the two groups in terms of BMD (Mann-
Whitney U, p=0.59) and anatomy (Table ‎2-4). The latter was assessed by comparing 
the measurements described above (‎2.2.2.4). No difference was found regarding 
the initial interpedicular distance (Mann-Whitney U, p=0.63), the initial spinal canal 
area (Mann-Whitney U, p=0.94), and the pedicle angles (Mann-Whitney U, p=0.67). 
In agreement with the literature (‎1.1.1), the pedicle angles increased in the caudal 
direction (Kruskal-Wallis, p=0.0098). 
Table ‎2-4: Details of the specimen and group division. 
Donor Level Group BMD CSAmin PA (°) CA0 l0 
   mg HA/cm3 (mm2) Left Right (mm2) (mm2) 
A T9-T10-T11 LE 148.3 953 4.8 -0.5 174 31.5 
A T12-L1-L2 HE 138.6 1000 22.8 5.2 350 44.3 
A L3-L4-L5 LE 100.5 1217 6.1 17.1 461 51.1 
B T9-T10-T11 HE 150.6 866 5.6 8.9 201 29.6 
B T12-L1-L2 HE 156.2 953 16.1 8.8 360 44.6 
B L3-L4-L5 HE 143.5 1153 14.2 21.1 305 49.8 
C T9-T10-T11 LE 128.0 1223 12.3 10.7 203 35.6 
C T12-L1-L2 LE 98.5 1439 21.2 16.2 273 46.7 
C L3-L4-L5 HE 111.0 1487 19.5 19.9 246 53.0 
D T9-T10-T11 HE 191.9 891 14.0 9.0 214 32.6 
D T12-L1-L2 LE 184.5 1006 14.5 20.2 314 44.6 
D L3-L4-L5 LE 161.7 1139 37.4 35.8 258 55.7 
Median 145.9 1072 14.3 13.4 266 44.6 
BMD: bone mineral density; CSAmin: minimum cross sectional area; PA: pedicle 
angle; CA0: intact canal area; l0: intact interpedicular distance. 
 
Each group was representative of a high-energy (HE) and low-energy (LE) 
impact, therefore, two different levels of energy were delivered. The exact amount 
of energy delivered to each segment was tuned based on the group (HE or LE), 
BMD and CSAmin of the central vertebra. Such criterion was chosen to minimise the 
effects of inter-specimen variability. After an initial set of experiments, a value of 
energy for LE group was estimated as the minimum value of energy required to 
consistently induce a spinal burst fracture (Emin, also based on the values used in 
the literature). The specific value of energy for each sample of the LE group (ELE) 
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was proportional to the generalised value Emin and the product between BMD and 
CSAmin of that vertebra.  
 𝐸𝐿𝐸 = 𝐸𝑚𝑖𝑛 × 𝐵𝑀𝐷 × 𝐶𝑆𝐴𝑚𝑖𝑛 ‎2-5) 
Likewise, the amount of energy delivered to the samples belonging to the HE 
group (EHE) was calculated as a 20 % increase with respect to the value calculated 
with the same method used for LE group. ( 
 𝐸𝐻𝐸 = 1.2 × 𝐸𝑚𝑖𝑛 × 𝐵𝑀𝐷 × 𝐶𝑆𝐴𝑚𝑖𝑛 (‎2-6) 
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2.2.3 Fatigue testing of SSPI – KP 
This section describes the methods developed by the candidate to carry out 
the second phase of his project. In order to follow the patient pathway from 
fracture occurrence to surgical treatment, SSPI or SSPI – KP was performed on 
three-adjacent-vertebrae segments with a spinal burst fracture. Therefore, the 
same specimens which underwent fracture creation (‎2.2.2) were used again for the 
second phase of the project. The PMMA layers were removed to ease implant 
procedure and allow new alignment for the experiments. Following implantation, 
the fatigue behaviour of the constructs was investigated. Therefore, a bespoke 
testing rig and protocol were developed. The testing protocol also required the 
development of custom software for data logging and analysis. Mechanical testing 
was integrated with image processing (‎2.2.4) to provide tools for a comprehensive 
investigation of the performance of the treatment. All the surgical procedures were 
carried out by the candidate in accordance to training/documentation provided by 
the manufacturer. 
2.2.3.1 Specimen preparation 
Twelve three-adjacent-vertebrae segments (Table ‎2-1) with a spinal burst 
fracture at the central vertebra were divided into two groups to undertake the 
following procedure: 
 SSPI group: six samples implanted with SSPI.  
 SSPI – KP group: six samples implanted with SSPI followed by KP with 
CaP cement. 
Specimens were considered evenly distributed between the two groups in 
terms of SCOCT (Mann-Whitney U, p=0.82), which was considered more indicative 
of comminution and risk of cement leakage than IPW. 
The size of the screw (i.e. diameter and length) to be implanted in each 
pedicle was assessed on HR-pQCT scans. The samples were let thaw overnight and 
then SSPI was performed as follows: 
 The entry point for each screw was created by breaching the posterior 
surface of the lamina with a bone awl. 
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 A pilot hole for the screw was created by inserting a tap tool (one size 
inferior to that of the screw). The trajectory was defined according to 
the anatomy of the vertebra (the endplates were exposed) and basics 
of SSPI (‎1.3.1). Care was taken not to breach the pedicle cortex and 
invade the spinal canal. 
 Screws were inserted in each tapped hole and tightened until 
purchase was considered satisfactory and/or the nut was aligned to 
suit the fixator rod.  
 Each fixator rod was placed within its two nuts and then fastened with 
a grub screw to lock it in place. Grub screws were tightened up to 9 
Nm using a torque limited screwdriver provided by the manufacturer. 
No reduction manoeuvre was attempted other than that induced by 
the alignment of the fixator rods. 
Following SSPI, the neural arch of the central vertebra of each segment was 
excised through resection of the pedicles (Figure ‎2-16). The procedure was similar 
to a laminectomy with bilateral facetectomy and allowed full access to the 
posterior wall of the canal whilst forcing the whole load sharing exclusively through 
the fixator and the vertebral body. None of the fixator rods was contoured (i.e. 
they were all kept straight) to avoid any risk of stress concentration (Ti6Al4V is 
particularly sensitive to notching), as shown in Lindsey et al. [220]. In addition, 
keeping the rod straight resulted in a simplified and more repeatable condition for 
the measurement of surface strains.  
The SSPI – KP group underwent KP in addition to SSPI. The samples were let 
thaw overnight and the whole procedure was performed under fluoroscopic 
guidance in accordance to clinical practice (‎1.3.2). Target parameters for KP were 
defined for each sample based on measurements from HR-pQCT scans:  
 BIV: balloon inflation volume was 20 % of the total vertebral body 
volume (estimated as described in ‎2.2.4.1) (Figure ‎2-17). BIV 
represents the total inflation volume of the two IBTs together (i.e. the 
inflation volume of each IBT was half BIV). The manufacturer advised a 
target BIV of 25 %, however, such value would have exceeded the 
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maximum volume allowed (limited by the size of the IBTs available) on 
same samples. Therefore, the BIV was reduced to 20 % to keep 
consistency among all the specimens. As recommended by the 
manufacturer, the IBTs were inflated progressively in 0.25 ml 
increments. 
 CV: total volume of cement injected was 25 % of the vertebral body 
volume. Therefore, the amount of cement to be injected per side was 
equal to half CV. CaP cement was mixed and then injected 1 ml at a 
time using the instruments provided by the manufacturer. Injections 
were stopped when the target volume was reached or a leakage was 
detected (Figure ‎2-17). 
Following KP, the samples were kept for 24 hours submerged in phosphate 
buffered saline (PBS) at 37°C within a temperature regulated chamber. The 
procedure allowed the cement to cure and reach its maximum strength 
(Figure ‎2-1). 
Details of the surgical procedures performed as well as related complications 
encountered were logged for all the samples (Appendix A). 
 
Figure ‎2-16: SSPI with neural arch excised. Photographs are representative of the 
actual sample group. 
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Figure ‎2-17: KP performed under fluoroscopic guidance. Images are 
representative of the actual sample group. a: inflation of IBT; b: injection of CaP 
cement. 
Specimens’ extremities were embedded in a layer of PMMA using the same 
procedure described above (‎2.2.1.1). The segments were positioned within the 
pots to have the sagittal and frontal plane aligned accordingly within the testing rig 
(as in ‎2.2.2.1). In this case modelling clay was placed around the nuts of the screws 
to avoid embedding them. Therefore, the rods were able to transfer the load they 
were undergoing to the screws without any external support/constraint. 
One uniaxial strain gauge (UFLA-5-11; TML, Tokyo Sokki Kenkyujo Co. Ltd., 
Tokyo, Japan) was bonded on each fixator rod. The gauges had a nominal 
resistance of 120 Ω; a grid length and width of 5 and 1.5 mm, respectively. The 
main axis of the measuring grid was aligned with the main axis of the rod whilst the 
shorter axis was centred at about mid height of the rod (Figure ‎2-23). The surface 
was prepared for installation by polishing with sandpaper (grit P120) and then 
degreasing with laboratory grade acetone. The gauge was bonded onto the rod 
using cyanoacrylate glue (CN; TML, Tokyo Sokki Kenkujo Co. Ltd.) and coated with 
resin (N – 1; TML, Tokyo Sokki Kenkujo Co. Ltd.) to make it waterproof. 
2.2.3.2 Testing rig 
A bespoke testing rig was designed and manufactured to be fastened within a 
universal testing machine (E10000; Instron, Norwood, MA, USA) and house the 
prepared sample (Figure ‎2-18). That specific model of testing machine was used 
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because suitable for fatigue loading. The rig was designed to deliver a cyclic axial 
compression (i.e. sine wave, described in ‎2.2.3.4) to the treated spinal segment. 
The sample was fastened within the pots used for PMMA embedding with 
circumferential grub screws. Then the pots were fit within steel housings flanged 
against the table of the testing machine and the actuator. Consistent alignment 
was achieved through matching dowels on the steel housings and pots.  
In order to avoid testing in overconstrained conditions two linear bearings 
were mounted orthogonally to each other (as an x-y table) between the upper steel 
housing and the actuator (i.e. the flange of the load cell). Therefore, the axial 
translation perpendicular to the ground was controlled by the machine, whilst 
translations parallel to the ground were left unconstrained. 
Two LVDTs were used to measure the displacement of the anterior surface of 
the vertebral body and that of the posterior wall. The displacement measurement 
served to track how the central vertebra moved because of cyclic loading. The 
LVDTs were positioned to have their measuring axis perpendicular to the frontal 
plane and parallel to the ground. The two LVDTs, magnetic stands and brackets 
were the same used for measuring IPW during fracture onset (‎2.2.2.3). Custom tips 
were designed and manufactured to be mounted onto the stem of the LVDTs. The 
tips were made out of plastic and had an increased contact surface with different 
curvatures to follow better the geometry of the anterior region of the vertebral 
body and spinal canal (Figure ‎2-23). 
Surface strain on the fixator rods was measured through the uniaxial strain 
gauges bonded on the posterior region of the rod. Such location was supposed to 
be repeatable and most representative of the overall strain distribution of the 
fixator (away from the stress concentration region close to where the rod is 
fastened [220]). In addition, one uniaxial strain gauge was bonded on one separate 
fixator rod that was not implanted on any sample. This instrumented rod acted as a 
dummy gauge to quantify any artifact (e.g. temperature drift). 
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Figure ‎2-18: Testing rig for fatigue testing. The highlighted regions show the 
measurement locations of the LVDTs. a: Lateral view; b: posterior view. 
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2.2.3.3 Data logging and analysis 
Experimental signals were acquired through a DAQ board (NI cRIO-9074; 
National Instruments Corporation) equipped with dedicated modules and 
connected to a laptop computer running bespoke software (LabVIEW; National 
Instruments Corporation). The following differential signals were connected to a 4 
channel analogue input module (NI 9215; National Instruments Corporation): 
 Displacement from the testing machine; 
 Load from the testing machine; 
 Displacement from the anterior LVDT; 
 Displacement from the posterior LVDT. 
In addition, the two strain gauges (on the implanted fixator rods) and the 
dummy gauge (on the unloaded fixator rod) were connected to an 8 channel 
quarter-bridge strain gauge module (NI 9235; National Instruments Corporation) 
using a three-wire connection.  
In addition, the software had to satisfy the below specifications: 
 Sampling of the signals at 100 Hz or higher; 
 Calibration and initial processing of the signals; 
 Show acquired data through user interface; 
 Continuous logging of data over long periods of time (more than 12 
hours). 
Fulfilling the above specifications required implementing several coding 
paradigms and architectures to achieve robustness and reliability. Therefore, three 
main applications were developed: local host, real-time (RT) and FPGA. The local 
host application ran on the laptop computer whilst both the RT and FPGA 
application ran on the DAQ board (Figure ‎2-19). The most critical part was the 
implementation of data transfer between applications. Firstly, the raw signals were 
acquired directly by the FPGA from the modules. A FIFO was exploited to transfer 
the raw signals from FPGA to RT. Then, the raw signals underwent initial pre-
processing (calibration, zeroing) within the RT application. After being organised 
into a spreadsheet-like matrix they were sent to the local host via a network 
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stream. A network stream is a lossless communication paradigm for distributed 
applications. The data are streamed from a writer endpoint (i.e. RT) to a reader 
endpoint (i.e. local host) based on their reference address (URL). The local host 
application controlled the other applications through the user interface 
(Figure ‎2-20). Therefore, the user launched the FPGA application; then set the 
parameters for the calibrations (e.g. gauge factor, slope) and sampling frequency. If 
enabled on the user interface, the first task of the FPGA application was performing 
the shunt calibration. Hence, the RT application calculated the correction factors of 
each strain gauge and applied it when calculating the strain from the bridge output. 
For convention, tensile strains were set as positive whilst compression strains were 
negative. Once received by the local host, the data were plotted on video and the 
user could enable the logging function (i.e. save the data to .csv file) by pressing a 
dedicated button. After creating the spreadsheet header, the data were 
subsequently appended to the file every time a new block of data was received 
from the network stream. When the file reached a pre-set size, it was closed and a 
new one was created to increase the robustness of the software for long 
recordings. 
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Figure ‎2-19: Architecture of the data logger. 
 
 
Figure ‎2-20: User interface of the data logger. a: controls and settings; b: signal 
zeroing; c: displacement graph; d: strain graph; e: load graph; f: raw signals. 
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Following the experiments, the spreadsheet files were imported into a 
bespoke application developed within a technical computing suite (Matlab; The 
MathWorks Inc.) for further processing. Since the loading curve was a sine wave, it 
was assumed that all the other signals (except the dummy gauge) were periodical 
too, because inherently induced by it. Firstly, each signal was processed to remove 
measurement artifacts (e.g. off-scale values) and then smoothed (using a Savitzky-
Golay filter). Subsequently, peaks throughout the curve were detected to divide 
the signal in consecutive periods. Mean and peak to peak value were calculated 
over each period, therefore two additional signals (with number of samples equal 
to number of cycles) originated from each calibrated signal (Figure ‎2-21). The 
calibrated signal from the dummy gauge served as reference to check if there was 
any signal drift.  
In addition, each period from the load waveform was processed against its 
correspondent displacement cycle to estimate the instantaneous stiffness of the 
construct. The stiffness was calculated as the slope over the 90th percentile of each 
peak to peak tract (to retain the most linear part of the curve). Thus, two values of 
stiffness were calculated per each period(Figure ‎2-21): 
 StiffFall: stiffness calculated over the falling edge of the curve (i.e. 
during the loading tract of the profile, when compressive load 
increases); 
 StiffRise: stiffness calculated over the rising edge of the curve (i.e. 
during the unloading tract of the loading profile, when compressive 
load decreases). 
To allow comparison and quantify the effect of fatigue testing, the signals 
were averaged at the beginning and end of the test. The initial values were 
averaged over 1800 cycles following the first 1200 cycles. The initial wait was 
necessary to allow appropriate settling of the sample. The final values were 
calculated over the last 1800 cycles. The following quantities were obtained: 
 MaxStrain_meanin and MaxStrain_meanfin: maximum between the 
average mean strains from the left and right rod at the beginning and 
end of the test. 
- 90 - 
 MaxStrain_p2pin and MaxStrain_p2pfin: maximum between the 
average peak to peak strains from the left and right rod at the 
beginning and end of the test. 
 Disp_meanin and Disp_meanfin: average mean axial displacement (i.e. 
with respect to the crosshead of the testing machine) at the beginning 
and end of the test. 
 Disp_p2pin and Disp_p2pfin: average peak to peak axial displacement 
(i.e. with respect to the crosshead of the testing machine) at the 
beginning and end of the test. 
 Post_meanin and Post_meanfin: average mean posterior displacement 
(posterior LVDT) at the beginning and end of the test. 
 Post_p2pin and Post_p2pfin: average peak to peak posterior 
displacement (posterior LVDT) at the beginning and end of the test. 
 Ant_meanin and Ant_meanfin: average mean anterior displacement 
(anterior LVDT) at the beginning and end of the test. 
 Ant_p2pin and Ant_p2pfin: average peak to peak anterior displacement 
(anterior LVDT) at the beginning and end of the test. 
 Stiffin
Rise and Stifffin
Rise: average stiffness calculated over the rising edge 
at the beginning and end of the test. 
 Stiffin
Fall and Stifffin
Fall: average stiffness calculated over the falling edge 
at the beginning and end of the test. 
 
Figure ‎2-21: Schematic of the signal processing on the load waveform. 
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Figure ‎2-22: Actual experimental data showing one load-displacement cycle; 
stiffness was calculated over both the rising and falling edge. 
2.2.3.4 Experimental protocol 
Once the segment was mounted within the rig, all the transducers were 
zeroed and the test was started (Figure ‎2-23). All the signals were sampled 
continuously throughout the experiment at 100 Hz using the software described 
above (‎2.2.3.3). The machine was programmed to first reach an axial preload of -50 
N and then impose a cyclic axial loading regime. A load controlled sine wave was 
set to be applied for 70000 cycles at 1 Hz (19 hours and 27 minutes). The test 
stopped at run-out or if the axial displacement exceeded 20 % of the initial distance 
between the pots.  
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Figure ‎2-23: Specimen mounted within the testing rig. a: overview of the setup; b: 
Measurement location of the posterior LVDT; c: alignment of the strain gauge.  
The maximum (Fmax) and minimum (Fmin) value of compressive force (i.e. in 
absolute terms) reached by the sinusoidal profile were tuned for each sample as a 
fraction of body weight (BW) (Figure ‎2-24). Such reference values represented the 
dead weight born by that spinal level when standing, as estimated by Duval-
Beaupere et al. [243]. According to the central vertebra of the segment under test, 
Fmax was set as: 
 32.1 % of BW for T10; 
 39.4 % of BW for L1; 
 46.6 % of BW for L4. 
Fmin was set to maintain a ratio Fmax/Fmin equal to 10; as in Lindsey et al. [220]. 
Such cyclic loading profile was chosen to simulate light physical activity, as it occurs 
in the postoperative time.  
Following tests, SSPI was removed from all the samples. Screw loosening was 
detected using a torque limited screwdriver. If the extraction torque was lower 
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than 0.4 Nm, the screw was considered loose. This criterion is based on clinical 
evidence [138] and it has been used in other experimental works [244]. 
 
Figure ‎2-24: Definition of the loading profile for fatigue testing. 
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2.2.4 3D analysis 
Image processing was extensively integrated with the methods developed to 
investigate the fracture (‎2.2.2) and their treatment (‎2.2.3). The integration 
between the two techniques provided tools for a comprehensive investigation of 
the fracture phenomena. The methods described below were developed and 
exploited in different applications to fulfil specific requirements.  
The 12 three-adjacent-vertebra segment were scanned on HR-pQCT (voxel 
size 82 μm, 750 projections) at each experimental stage and the resultant image 
dataset processed (Figure ‎2-25). The 3D surfaces of the vertebrae extracted from 
the image datasets were analysed to get clinically relevant measurements of 
deformity (‎2.2.4.3) as well as the deflection of the endplates (‎2.2.4.4). 
 
Figure ‎2-25: Flow diagram of the scans undertaken at different stages and 3D 
surfaces extracted from each image dataset. Central vertebra and its adjacent 
ones marked as C and A, respectively. 
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2.2.4.1 Creation of 3D surface model of the vertebra 
In order to perform any kind of 3D anatomical analysis, the vertebra had to be 
converted into a 3D model. The 3D surface of the vertebra under study was 
segmented out of each image dataset using a semi-automated segmentation 
procedure (Figure ‎2-26). Firstly, an arbitrary threshold was used to separate the 
foreground (bone) from the background. Then a series of morphological operations 
were performed to extract a solid vertebra (i.e. outer surface with no trabecular 
structure). A number of dilation cycles were run to join porous structures which 
were then filled, subsequently the same number of erosion cycles was run to shrink 
the selected area. Finally, the surface was smoothed using Gaussian blurring. 
The same procedure was applied in different contexts in an image processing 
[240, 241] or technical computing suite (Matlab; the MathWorks Inc.) depending 
on the application developed. The segmented vertebra conserved the slice-stack 
format (a CT dataset can be considered as a 3D array) so datasets could be easily 
overlaid. Thus, reliability of the procedure could be qualitatively assessed by 
comparing the boundary of the solid vertebra over the greyscale images 
(Figure ‎2-27). CSA of the vertebra was estimated as the area within the boundary of 
the solid vertebra to get the value CSAmin used above (‎2.2.2.4). In addition, such 
boundaries could be used to identify a complex region of interest to perform other 
morphological operations (e.g. stereology assessment).  
Alternatively, the segmentation procedure was performed in an image 
processing suite which also provided meshing tools (Amira; Visualization Sciences 
Group) to create 3D models of the vertebra. Once the solid vertebra was 
segmented out of the greyscale dataset (as described above), the volume was 
meshed to create a triangulated surface. This procedure was applied to all the 
vertebrae that were used in any of the below described 3D applications. 
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Figure ‎2-26: Schematic of the semi-automated segmentation procedure to 
identify the outer surface of the vertebra. 
 
 
Figure ‎2-27: Boundary of the vertebral body overlaid on the original greyscale HR-
pQCT slice. Image representative of the result of the semi-automated 
segmentation procedure. 
2.2.4.2 Local anatomical reference frame 
A local reference frame was defined to quantitatively perform 3D analysis 
with respect to anatomically relevant axes. The formal definition provided by 
Panjabi et al. [59] and described before (‎1.4.5) was implemented. Therefore, the 
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landmarks had to be virtually palpated on the 3D surface (Figure ‎2-28). This process 
was carried out in the same software used for the segmentation and meshing 
(Amira; Visualization Sciences Group). The original coordinates of the landmarks 
were inherently defined with respect to the coordinate system of the CT scanner 
and they represented the indices of each element (i.e. voxel) of the 3D array that 
makes up the CT dataset. Thus, any measurement taken in this coordinate system 
would depend on the alignment of the sample within the scanner. The coordinate 
list was exported and processed with bespoke code (Matlab; the MathWorks Inc.). 
Firstly, the code implemented the operations described in ‎1.4.5 to define the axes 
and origin of the local reference frame. Therefore, the rotation matrix and position 
vector could be calculated to transform any set of coordinates from the CT 
reference frame to the local anatomical reference frame. Such transformation of 
coordinates allowed a more clinically relevant investigation as well as removing any 
limitation due to alignment of the sample within the scanner. 
 
Figure ‎2-28: Definition of the local anatomical reference frame on a 3D surface 
representative of the specimens. 
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2.2.4.3 Measurement of vertebral deformity 
An image processing protocol was developed to perform clinically relevant 
geometrical measures on the 3D surfaces of the vertebra. The procedure was 
performed on the central vertebra at all experimental stages. Hence, four 3D 
models of the central vertebra were processed per segment (Figure ‎2-25).  
The intact state, prior to burst fracture and subsequent to dissection, was 
taken as reference for all the subsequent stages. Segmentation (‎2.2.4.1), meshing 
and any landmark identification were performed in the same software suite (Amira; 
Visualization Sciences Group). Firstly, the local anatomical reference frame was 
built on the intact vertebra based on a set of relevant landmarks (‎2.2.4.2). The 3D 
surfaces obtained at the subsequent stages (i.e. post-fracture, post-implant, and 
post-fatigue) were aligned to the intact 3D surface by means of rigid affine 
registration. An arbitrary cloud of landmarks was identified on each endplate to 
describe its surface (Figure ‎2-29). The most posterior aspect of the cranial endplate 
was not taken into account to minimise the error in the calculation of the kyphotic 
angle [103]. In addition, the landmark cloud could provide a representation of the 
overall shape of the endplate even when the vertebral body was severely 
comminuted.  
 
Figure ‎2-29: Identification of the landmarks representative of the vertebral 
endplate. The post-fracture surface is registered over the intact surface. 
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The landmark lists were imported into a custom software application (Matlab; 
the MathWorks Inc.). All the coordinates taken at every stage were transformed to 
the local anatomical reference frame built from the intact state. Hence, all the 
measurements referred to the anatomical axes of that state. It was chosen to 
exploit one reference condition because the posterior wall at all the subsequent 
experimental stages was often disrupted, hence causing a misalignment of the 
frontal plane.  
A plane was fitted through the cranial and caudal landmarks using principal 
component analysis. The angle between the endplates was calculated as the angle 
between the normal to the planes. The kyphotic angle was calculated through the 
projection of such planes on the sagittal one. For convention, a positive value 
indicated kyphosis, whilst negative indicated lordosis. The same was done to 
calculate the angle on the coronal plane. 
The height of the vertebra was calculated as the median distance between 
the endplates. In particular, each landmark on the cranial endplate was selected 
and the distance between it and each landmark on the caudal side measured. The 
minimum of such set of distances was then used for the final median calculation to 
obtain the overall distance estimation (Figure ‎2-30). Median was chosen over 
average because it is less sensitive to outliers. The rim of the endplate did not 
collapse as much as the central area (where most of the landmarks were taken). 
Hence, the median was able to show such phenomenon better. 
 
Figure ‎2-30: Schematic of the metric implemented to measure the distance 
between two surfaces, each defined by a set of markers. 
 
- 100 - 
The curvature of the endplate was calculated both locally and in terms of 
overall radius. The local mean curvature (H) was calculated over a grid of nodes 
fitted through the landmarks. H is the arithmetic mean of the principal curvatures 
and in a smooth surface represents roughly the radius of the sphere fitted under 
the node [229]. The overall curvature calculation firstly required fitting a 
polynomial surface through the markers, to generalise the shape of the endplate. A 
second order polynomial surface was considered the best approximation since 
higher order functions were more susceptible to local irregularities. A sphere was 
fitted within that surface using the mean least squares method. Therefore, the 
radius of the sphere was taken as the overall curvature radius of the endplate. 
Goodness of fit was estimated by calculating the mean squared error (MSE) 
between the fitted surface and the markers. 
The results from all the calculations described above were presented in a 
graphic window to make the application more user-friendly (Figure ‎2-31). 
Reliability of the calculation was assessed by measuring mock 3D surfaces of known 
curvature and height. 
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Figure ‎2-31: Screenshot of the custom application for the measurement of 
vertebral deformity. a: angles and median height; b: curvature radius of the 
endplates; c: graphic representation of the endplate curvature; d: second order 
polynomial surface; e: mean local curvature. 
2.2.4.4 Endplate deflection 
The procedure developed by Dr. N. Roberts, on the definition of image based 
boundary conditions for FE modelling (‎2.2.1.4), was adapted to investigate the 
damage induced by fatigue loading to the endplates.  
The 3D surfaces of the two vertebrae adjacent to the central one were 
extracted from the post-fracture and post-fatigue scans. Therefore, four surfaces 
were processed each segment (Figure ‎2-25). Segmentation, meshing and 
identification of landmarks for the local reference frame were carried out in an 
image processing suite (Amira; Visualization Sciences Group). The adjacent 
vertebrae could not be segmented from the post-implant scan because of the 
artifacts induced by the pedicle screws. However, it was supposed that implanting 
the screws (and resultant ligamentotaxis) affected only the geometry of the central 
vertebra. Therefore, as far as the adjacent endplate surfaces are concerned, pre-
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fatigue testing and post-surgery (SSPI or SSPI – KP) conditions were considered 
equivalent. Similarly to what described above (‎2.2.4.3), the post-fracture surface 
was taken as a reference state and the landmarks for the local anatomical 
coordinate system were identified on each vertebra. The post-fatigue testing 
surfaces were aligned over the post-fracture ones by means of affine rigid 
registration. The surface of the endplate adjacent to the central vertebra was 
trimmed from the rest of the model and the displacement between post-fracture 
and post-fatigue state calculated (Figure ‎2-32). The obtained displacement field 
was representative of the deflection of the endplates induced by fatigue loading. 
The triangulated endplate surfaces, displacement fields (three axial 
components per node of the surface) and landmark list were imported into a 
custom software application (Matlab, the MathWorks Inc.). The anatomical 
reference frame was built and the coordinates of the nodes of each surface and 
their displacement were transformed from global to local reference frame. 
Therefore, the three components of displacement were now actually aligned 
according to relevant anatomical directions (i.e. left-right, AP, cranio-caudal). For 
simplicity, only the displacement along the cranio-caudal direction (i.e. y axis, see 
Figure ‎2-28) was used in the analysis, because it was considered most relevant for 
this biomechanical application. The 5th and 95th percentile was calculated for each 
set of displacement data as an effective indication of the extremes of the 
distribution. Percentiles were chosen over mean and maximum to neglect peak 
values that would be representative of the behaviour of only few nodes.  
 
Figure ‎2-32: 3D assessment of endplate deflection induced by fatigue loading. 
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2.2.5 Statistics 
Given the limited sample size, it was obviously not possible to make any 
assumptions about the probability distribution of the results. Therefore, non-
parametric statistical analyses were performed. Differences between two groups 
were assessed using Mann-Whitney U test (equivalent to Wilcoxon rank-sum test), 
whilst Kruskal-Wallis one-way analysis of variance by ranks was used to assess 
difference where more than two groups were taken into account (e.g. difference 
across spinal levels). Paired data conditions where applied whenever results under 
analysis were obtained from the same sample at different stages, hence Wilcoxon 
signed-rank test was performed. Ansari-Bradley test was carried out to compare 
variability between datasets (i.e. test of dispersion). Association between variables 
was assessed by means of Spearman rank correlation coefficient (rs). In all cases, a 
nominal significance level (p-value) of 0.05 was used. Agreement between different 
measurement techniques was analysed using the method defined by Bland and 
Altman [245]. 
All the analyses were carried out using dedicated software for statistics (R; R 
foundation for Statistical Computing, Vienna, Austria). 
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Chapter 3: Results 
This chapter presents the results from the experiments carried out exploiting 
the materials and methods previously described. The first section provides the 
results from the collaboration for the development of FE models of multiple 
myeloma spine. The subsequent three sections detail the results from the main 
project about spinal burst fractures. The first of these sections presents results 
from the creation of the fractures whilst the subsequent one provides results from 
fatigue testing of the treated fractures. Results from the fracture creation focused 
on the dynamics of IPW whilst those from fatigue testing aimed at assessing the 
performance of SSPI and SSPI – KP. Finally, the 3D analysis tied together the 
experiments from the two previous sections to detail the anatomical changes of 
the fractured vertebra throughout the experimental stages. 
3.1 In situ testing 
The experimental protocol was successfully used on all the specimens and 
time-lapse HR-pQCT scans were collected for all of them. However, only three out 
of eight segments were suitable for the development of the FE model. The main 
reason for discarding the remaining five datasets was that the experimental data 
were not suitable for the definition of the boundary conditions of the numerical 
simulation (‎2.2.1.4). Although image processing was successfully performed, the 
resultant displacement fields were either too low in magnitude or no substantial 
increase in endplate deflection was found between consecutive load steps. In some 
cases, gross failure of the endplate occurred at the first load step, compromising 
the load transfer to the vertebral body and resulting in erroneous displacement 
calculation. The FE models were run, and von Mises Stresses and axial strains were 
calculated at load steps of interest (Table ‎3-1), for the following samples: 
 Donor E: T2-T3-T4; 
 Donor F: T2-T3-T4; 
 Donor G: T2-T3-T4. 
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From a qualitative assessment of the HR-pQCT scans of the sample from 
Donor E, it was possible to detect areas of densification beneath the superior 
endplate at all the load steps. Densification was identified as regions where there 
was a clear compaction of trabeculae, indicative of local damage accumulation and 
also found in the numerical simulations. In fact, stress concentration was found 
directly under the endplates where the stress reached the 90th percentile values 
(Figure ‎3-1). Simulations from the same samples showed another particular 
behaviour. Throughout the load steps, the axial strain map (E33) gradually changed 
from a predominantly compressive state to a predominantly tensile state. On the 
other hand, the strain component orthogonal to E33 changed from being 
predominantly tensile to compressive (Figure ‎3-2). This strain pattern is indicative 
of bulging of the structure, which may lead to burst fracture in the cancer 
infiltrated spine [246]. Likewise, areas of densification were detected on the 
sample from Donor F. In addition, failure occurred in the region where the highest 
stresses were calculated by the model. Only the 1st load step was modelled for the 
sample from Donor G since failure occurred afterwards. However, loading through 
the sparse trabecular structure could be qualitatively replicated. In addition, the 
location of the failure of the cortical shell corresponded to a region of high 
compressive strains in the model (Figure ‎3-3). 
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Table ‎3-1: Mean Von Mises stress and axial strain (E33) ± one standard deviation 
together with 10th and 90th percentiles at each load step. 
Donor Step Von Mises Stress (kPa) E33 (strain) 
  Mean 10th % 90th % Mean 10th % 90th % 
E 
1st 5.3 ± 14.5 1.7 9.7 -0.004 ± 0.007 -0.001 0.000 
2nd 35.8 ± 405.4 6.9 57.6 -0.000 ± 0.010 -0.010 0.008 
3rd 82.0 ± 865.4 15.0 136.7 0.004 ± 0.012 -0.007 0.015 
F 
1st 8.9 ± 19.0 1.3 18.0 -0.011 ± 0.015 -0.025 -0.001 
2nd 191.7 ± 207.9 34.0 429.8 -0.073 ± 0.045 -0.130 -0.023 
3rd 273.9 ± 379.0 44.8 586.9 -0.130 ± 0.069 -0.220 -0.050 
G 1st 74.6 ± 70.1 28.3 138.5 -0.156 ± 0.073 -0.252 -0.063 
 
 
Figure ‎3-1: Areas of densification detected on HR-pQCT scans and the 
correspondent von Mises stress concentration on the FE model. Adapted from 
[2]. 
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Figure ‎3-2: Change in strain distribution throughout consecutive load steps. 
Adapted from [2]. 
 
 
Figure ‎3-3: Von Mises stress and strain predicted by the FE model. Adapted from 
Roberts at al., [2]. 
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3.2 Burst fracture creation 
Fractures were induced in all the three-adjacent-vertebrae segments, as 
confirmed by HR-pQCT assessment, which allowed grading of the central vertebrae 
according to Magerl et al. [18] (Table ‎3-2). Burst fractures (Type A3) were detected 
in the central vertebra of 11 out 12 of the segments (Figure ‎3-4), and the only case 
where burst fracture was not induced was in L3-L4-L5 from Donor A. In this sample, 
the fracture on L4 was classified as B2.3.1 (i.e. fracture of the pedicles associated 
with a compression fracture). However, comminution of the cranial endplate 
(typical of A3 fractures) was detected on the adjacent L5. The CT scans also 
confirmed fracture of the pedicles of various severities on all the central vertebrae. 
The median energy delivered at the impact was 200.3 J (range 166.2 – 223.8 
J) and 157.6 J (range 146.0 – 184.2 J) for the HE and LE group, respectively. The 
actual drop height was subjected to small variations due to the different height of 
the segments. However, the effect of such variability was neglected as the velocity 
at the impact (median among samples 5.35 m/s, range 5.32 – 5.39 m/s) could be 
considered constant (Mann-Whitney U test, p=0.37). Both energy and velocity were 
calculated analytically and therefore are to be considered estimations of the actual 
values. 
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Figure ‎3-4: 3D models representative of the fractures induced experimentally. 
Fractures are presented in order of increasing complexity; note the change in 
canal shape. 
Table ‎3-2: Details of the fractures induced in vitro. 
Donor Level Group Energy Grade FR LF 
   (J)    
A T9-T10-T11 LE 148.0 A3.1.1   
A T12-L1-L2 HE 182.0 A3.2.1   
A L3-L4-L5 LE 146.0 B2.3.1   
B T9-T10-T11 HE 166.2 A3.3.3   
B T12-L1-L2 HE 200.6 A3.3.3   
B L3-L4-L5 HE 218.5 A3.3.3   
C T9-T10-T11 LE 167.3 A3.2.1   
C T12-L1-L2 LE 146.6 A3.2.2   
C L3-L4-L5 HE 200.0 A3.3.3   
D T9-T10-T11 HE 223.8 A3.3.3   
D T12-L1-L2 LE 184.2 A3.3.3   
D L3-L4-L5 LE 183.5 A3.2.2   
FR: fragment retropulsion present; LF: laminar fracture present. 
 
3.2.1 Interpedicular widening 
Agreement between dynamic measures (LVDT based) and static measures 
(HR-pQCT) was calculated based on IPWres and IPWCT (Figure ‎3-5), and was found to 
be about ± 4% (95% agreement interval). It must be noted that IPWres could not be 
calculated in two samples because the LVDT tips lost contact with the bony surface 
subsequently to the transient phase (i.e. IPWmax could still be calculated). 
Figure ‎3-6 presents a representative curve of instantaneous percent IPW over 
one second for one the tested samples; a close-up of the same data over the first 
20 ms is shown in Figure ‎3-7 to highlight the initial dynamics. At the impact IPW 
increased to IPWmax, then following the transient phase, the pedicles were recoiled 
to their resting position IPWres. 
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Figure ‎3-5: Bland & Altman plot showing the agreement between IPWres and 
IPWCT. 
 
 
Figure ‎3-6: Instantaneous IPW trend throughout the fracture onset. 
Representative curve from donor A, segment T9-T10-T11. 
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Figure ‎3-7: Close-up of the first 20 ms of the data presented in Figure ‎3-6. 
The median IPWmax was 11.0 % (range 4.3 – 40.7 %) in the HE group and 17.3 
% (range 6.9 – 21.8 %) in the LE group; details reported below (Table ‎3-3). Although 
results from HE group appeared more scattered (Figure ‎3-8), such variability was 
not significant (Ansari-Bradley, p=0.43). The median IPWres was 1.7 % (range 0.3 – 
10.2 %) for the HE group and 7.0 % (range 1.3 – 11.5 %) for the LE group. No 
difference was found between the two groups for both IPWmax (Mann-Whitney U, 
p=0.70) and IPWres (Mann-Whitney U, p=0.84). Therefore data were pooled 
together; the average IPW curve was calculated as the instantaneous average 
amongst the 12 samples and plotted within the instantaneous minimum-maximum 
interval (Error! Reference source not found.). The trend clearly shows that, at the 
impact, IPW increased up to IPWmax in about 20 – 25 ms; the transient phase lasted 
approximatively 400 ms and IPWmax was always significantly higher than IPWres 
(Mann-Whitney U, p=0.011).  
A moderate correlation was found between IPWmax and IPWres (rs=0.58, 
p=0.088) whilst no association was found between IPW and the delivered energy 
for both IPWmax (rs=-0.29, p=0.37) and IPWres (rs=-0.14, p=0.71).  
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Figure ‎3-8: Maximum and residual IPW divided by group. Adapted from 
Brandolini et al., [1]. 
IPWmax (Kruskal-Wallis, p=0.077) and IPWres (Kruskal-Wallis, p=0.055) were 
only marginally influenced by the spinal level where they were measured, although 
results suggest a decreasing trend in the caudal direction for IPWmax (Figure ‎3-9), 
whose median values by level were: 
 T10: 25.8 % (range 15.7 – 40.7 %). 
 L1: 18.1 % (range 4.3 – 21.8 %). 
 L4: 6.9 % (range 4.6 – 9.9 %). 
However, when considering the maximum of the measurements of each LVDT 
in absolute values (Δlleft and Δlright), a significant difference was found among spinal 
levels (Kruskal-Wallis, p=0.022). In particular, the displacements measured on T10 
and L1 were higher than that on L4 (Mann-Whitney U, p=0.038 and p=0.0070, 
respectively). The absolute displacement values did not show any difference 
between groups (Mann-Whitney U, p=0.84) and the variability of the HE group was 
not significantly higher than that of LE (Ansari-Bradley, p=0.28). The maximum 
absolute displacements were not associated with the orientation of the pedicle on 
the coronal plane measured in intact conditions (rs = -0.14, p=0.51). 
Laminar fractures were detected in seven out of 12 specimens (Table ‎3-2), but 
did not appear to be associated with any specific spinal level. Median IPWmax was 
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20.3 % (range 4.3 – 40.7 %) when the fracture was present and 9.9 % (range 4.6 – 
18.9 %) when it was not; whilst median IPWres was 7.3 % (range 0.3 – 10.2 %) and 
1.2 % (range -1.3 – 11.5 %), respectively (Figure ‎3-10). However, no significant 
difference was found in both IPWmax (Mann-Whitney U, p=0.27) and IPWres (Mann-
Whitney U, p=0.48) when considering the presence of a laminar fracture. IPWmax 
was not significantly affected by higher variability when a laminar fracture was 
present (Ansari-Bradley, p=0.40). 
 
Figure ‎3-9: Maximum and residual IPW divided by spinal level. Adapted from 
Brandolini et al., [1]. 
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Figure ‎3-10: Maximum and residual IPW associated with presence of laminar 
fracture. 
 
3.2.2 Spinal canal occlusion 
SCOCT (i.e. the percent canal occlusion measured on the HR-pQCT scans) was 
considered the most precise measure of SCO and thus taken as reference for the 
analysis. Median SCOCT was 32.4 % (range 9.7 – 41.2 %) in the HE group and 11.8 % 
(range -9.0 – 51.5 %) in the LE group; details reported below (Table ‎3-3). No 
statistical difference was found between groups (Mann-Whitney U, p=0.13) as well 
as among spinal levels (Kruskal-Wallis, p=0.23) (Figure ‎3-12). However, when the 
outlier from the LE group (Figure ‎3-11) was removed, a significant difference could 
be seen (Mann-Whitney U, p=0.017). In addition, a moderate correlation was found 
between SCOCT and the delivered energy (rs=0.56, p=0.063) (Figure ‎3-13). 
Laminar fractures were associated with significantly higher SCO (Mann-
Whitney U, p=0.048). Median SCOCT was 5.4 % (range -9.0 – 30.7 %) and 34.1 % 
(range 9.7 – 51.5 %), when the fracture was and was not present, respectively. 
No association was found between IPW and SCOCT; both for IPWmax (rs=0.042; 
p=0.90) and IPWres (rs=-0.24, p=0.50). 
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Figure ‎3-11: SCOCT calculated on the central vertebra of each segment, by group. 
 
 
Figure ‎3-12: SCOCT calculated on the central vertebra of each segment, by spinal 
level. 
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Figure ‎3-13: Association between impact energy and SCO. 
 
The estimation of the actual SCO based on the CO of the adjacent vertebrae 
(SCOclin) showed an agreement with SCOCT of about ± 20% (95% agreement 
interval) (Figure ‎3-14). Median SCOclin was 29.5 % (range 14.4 – 47.8 %) for the HE 
group and 5.9 % (range -13.3 – 51.2 %) for the LE group. Although no difference 
was found among levels (Kruskal-Wallis, p=0.73), the method returned a marginal 
difference between the two groups (Mann-Whitney U, p=0.065). 
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Figure ‎3-14: Bland & Altman plot showing the agreement between SCOclin and 
SCOCT. 
As previously described (‎2.2.2.3), the dynamic of SCO was assessed through 
high-speed filming. Two out of 12 videos could not be used. In one case, a fragment 
broke off the PMMA layer and covered the bottom mirror; whilst in the other case 
the camera software did not work correctly (the file was not saved). It must be 
noted that image processing of the frame sequences was always problematic. 
Splatters of fluid from the posterior wall often crossed the light path and in some 
cases ended on the bottom mirror. Those events induced artifacts that affected the 
identification of the canal CSA. Therefore, poor agreement was found between 
SCOres and SCOCT, which was about ± 70 % (95% agreement interval) (Figure ‎3-15).  
Median SCOmax was 99.0 % (range 92.4 – 100.0 %) in the HE group and 62.6 % 
(range 23.3 – 100.0 %) in the LE group, whilst SCOres was 87.5 % (range 68.3 – 100.0 
%) and 46.8 % (range -16.8 – 91.3 %), respectively (Table ‎3-3). No difference was 
found between the groups for both SCOmax (Mann-Whitney U, p=0.59) and SCOres 
(Mann-Whitney U, p=0.24). A positive correlation was found between SCOmax and 
SCOres (rs=0.88, p<0.001). 
- 119 - 
 
Figure ‎3-15: Bland & Altman plot showing agreement between SCOres and SCOCT. 
 
Table ‎3-3: Experimental results for SCO and IPW. Description of the abbreviations 
can be found in sections ‎2.2.2.3 and ‎2.2.2.4. 
Donor Level Group SCOmax SCOres SCOCT SCOclin IPWmax IPWres IPWCT 
   (%) (%) (%) (%) (%) (%) (%) 
A T9-T10-T11 LE 23.3 -16.8 -0.7 6.2 15.7 2.8 1.9 
A T12-L1-L2 HE 92.4 80.6 37.4 26.9 15.9 10.2 8.1 
A L3-L4-L5 LE 27.3 7.7 18.4 -3.4 9.9 -1.3 0.2 
B T9-T10-T11 HE 93.2 68.3 9.7 14.4 40.7 8.1 4.7 
B T12-L1-L2 HE 100 100 34.1 26.1 4.3 – -1.1 
B L3-L4-L5 HE 100 100 21.9 32.0 6.1 0.3 1.3 
C T9-T10-T11 LE – – 5.4 8.3 18.9 11.5 8.1 
C T12-L1-L2 LE – – 18.1 5.5 21.8 7.6 8.0 
C L3-L4-L5 HE 98.3 71.8 30.7 37.9 4.6 -0.3 0.1 
D T9-T10-T11 HE 99.7 94.3 41.2 47.8 38.2 1.7 4.6 
D T12-L1-L2 LE 99.9 91.3 51.5 51.2 20.3 7.0 4.8 
D L3-L4-L5 LE 100 85.9 -9.0 -13.3 6.9 – 5.5 
Median 99.0 83.2 20.2 20.3 15.8 4.9 4.7 
SCO: spinal canal occlusion; IPW: interpedicular widening. 
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3.3 Spinal fixation in burst fractures 
This section provides the results from the in vitro investigation of surgical 
treatment of spinal burst fracture with particular focus on the comparison between 
SSPI and SSPI – KP. The first section provides details of the surgical procedure 
carried out to prepare the samples, whilst the second section details the results 
from fatigue testing of the treated segments. Statistical analysis was carried out to 
assess whether the structural properties of the construct decreased over time and 
SSPI – KP could improve such properties better than SSPI alone.  
3.3.1 Surgical treatment 
Pedicle screws were successfully implanted in all the samples. Insertion of the 
screw caused a breach of the medial pedicle cortex in four out of 48 implants with 
a resultant minor invasion of the vertebral foramen. It must be noted that in all the 
screws the nut did not lock in place (against the screw head), at the time of rod 
fastening, as it was supposed to. Therefore, the rods where still allowed some 
minor movement because of the looseness of the polyaxial nut.  
Qualitative assessment at the moment of neural arch excision showed overall 
integrity of PLL in all the samples.  
KP was performed on six selected samples under fluoroscopic guidance; 
following SSPI. Median maximum inflation pressure of the inflatable bone tamps 
(IBT) was 132 psi (range 51 – 350 psi) whilst the median inflation volume was 7.1 ml 
(range 4.9 – 8.7 ml). One of the syringes broke at the junction between the nozzle 
and IBT and could not be used any longer. Therefore, in the last two samples, KP 
was performed by swapping the same syringe between two IBTs (Appendix A). 
Since the IBT had a valve at the inlet, the inflation previously achieved could be 
retained when alternating the syringe. 
All six cement injections were stopped when the target amount of cement 
was delivered. Extravasation was detected in four out of six samples, with no 
evidence of leakage within the vertebral foramen. In all the cases, the cement 
leaked from the anterior portion of the vertebral body, through the fissures 
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between the bone fragments. The median volume of cement injected was 8.6 ml 
(range 6.0 – 10.5 ml). 
3.3.2 Fatigue testing 
All the tested segments reached run-out (70000 cycles) and all the signals 
could be collected and processed accordingly. At implant removal eight out of 48 
screws (16.7 %) were considered loose (Appendix A). Loose screws were present on 
three segments from the SSPI group and two from the SSPI – KP group.  
Data acquired throughout each test from the sensors were processed as 
periodic signals (since they were the resultant of a sinusoidal load waveform). 
Therefore, mean and peak to peak values were calculated over each period; 
description of the nomenclature can be found in the methods chapter (‎2.2.3.3), 
and summarised results are provided in Appendix B. The reported mean values are 
to be intended as the mean value of a periodic waveform and represent its 
deviation from the initial point (post-treatment condition); Figure ‎3-16 presents a 
representative trend of the measured displacement, showing that over time the 
segment underwent increasing compression, whilst both the anterior and posterior 
region migrated posteriorly. Mean values of the signals are presented in Table ‎3-4 
together with statistical significance for the comparison between the two groups. 
The reported median values were calculated amongst different samples and are 
indicative of the trend within each group of samples. In addition, results were 
pooled together (to increase statistical power) and the initial values compared to 
those at the end of test to assess changes over time. Likewise, results for the peak 
to peak values of the signals are reported in Table ‎3-5. 
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Figure ‎3-16: Example of mean and peak to peak values of the signals acquired 
throughout the test for the axial, posterior and anterior displacement. The 
schematic of the vertebra indicates the directions of negative displacement. 
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Table ‎3-4: Mean values calculated from the signals throughout the test and 
divided by group. All quantities are in mm, except for strain (με). 
Parameter SSPI SSPI – KP p† p‡ 
 median range median range   
Disp_meanin -1.1 -6.2 – -0.3 -0.5 -1.3 – -0.3  0.48 
<0.001* 
Disp_meanfin -2.1 -11.0 – -0.5 -0.9 -6.7 – -0.4 0.48 
Post_meanin -0.2 -2.4 – 5.4 -0.1 -0.9 – 0.4 0.93 
0.017* 
Post_meanfin -1.4 -6.1 – -0.3 -0.3 -1.9 – 2.3 0.093ᶧ 
Ant_meanin 0.1 -0.9 – 2.6 0.1 -0.8 – 0.5 1.0 
0.38 
Ant_meanfin 0.0 -5.6 – 4.8 0.0 -2.0 – 1.4 1.0 
MaxStrain_meanin 371 291 – 756 284 223 – 552 0.31 
0.48 
MaxStrain_meanfin 374 316 – 439 306 230 – 612 0.24 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the comparison between initial and final value (results pooled 
together). 
* p-value < 0.05. 
ᶧ marginally significant. 
 
Table ‎3-5: Peak to peak values calculated from the signals throughout the test 
and divided by group. All quantities are in mm, except for strain (με). 
Parameter SSPI SSPI – KP p† p‡ 
 median range median Range   
Disp_p2pin 0.7 0.2 – 2.4 0.4 0.3 – 0.8 0.48 
0.054ᶧ 
Disp_p2pfin 0.7 0.3 – 2.3 0.5 0.3 – 0.9 0.70 
Post_p2pin 0.6 0.1 – 2.5 0.2 0.0 – 0.2 0.026* 
0.63 
Post_p2pfin 0.2 0.0 – 0.6 0.2 0.1 – 0.3 0.59 
Ant_p2pin 0.2 0.1 – 1.0 0.2 0.1 – 0.3 0.59 
0.039* 
Ant_p2pfin 0.2 0.0 – 0.9 0.2 0.1 – 0.4 1.0 
MaxStrain_p2pin 575 391 – 880  511 360 – 889 0.81 
0.23 
MaxStrain_p2pfin 555 400 – 671 471 355 – 744 0.31 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the comparison between initial and final value (results pooled 
together). 
* p-value < 0.05. 
ᶧ marginally significant. 
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The only significant difference between SSPI and SSPI – KP was the amplitude 
of the posterior displacement at the beginning of the test; such difference was not 
present anymore at the end of the test. 
The mean value of the axial displacement significantly decreased (i.e. 
increased compression of the segment) over time (Wilcoxon signed-rank, p<0.001), 
whilst its peak to peak value decreased only marginally (Wilcoxon signed-rank, 
p=0.054). 
The mean displacement measured by the posterior LVDT significantly 
decreased over time (Wilcoxon signed-rank, p=0.017; i.e. the posterior wall/bony 
fragment moved posteriorly) whilst the anterior region remained overall stationary 
(Wilcoxon signed-rank, p=0.38). On the contrary, the amplitude of the posterior 
displacement remained constant over time (Wilcoxon signed-rank, p=0.63), whilst 
that of the anterior displacement decreased (Wilcoxon signed-rank, p=0.039). 
However, KP significantly prevented the migration of the posterior fragment. In 
fact, if the comparison between initial and final values is carried out within the two 
groups, it is possible to notice that the mean value of the posterior displacement 
decreased only in the SSPI group (Wilcoxon signed-rank, p=0.016) whilst it 
remained overall constant in the SSPI – KP one (Wilcoxon signed-rank, p=0.34).  
Maximum posterior displacement was estimated as the mean value plus the 
amplitude of the oscillation (half the peak to peak value). The median at the initial 
stage of the test and at run-out was -0.1 mm (range -2.2 – 6.7 mm) and -1.2 (range 
-6.1 – -0.2 mm), respectively, for SSPI; and -0.1 (-0.7 – 0.5 mm) and -0.2 (range -1.9 
– 2.4 mm) for SSPI – KP. From a qualitative point of view, SSPI – KP resulted in less 
posterior displacement than that observed in SSPI (Figure ‎3-17). However, no 
difference was found between the groups both at the beginning (Wilcoxon signed-
rank, p=0.82) and end of test (Wilcoxon signed-rank, p=0.13). When results were 
pooled together the median at the beginning was -0.14 mm (-2.2 – 6.7 mm) and -
0.50 mm (-6.1 – 2.4 mm) at the end. A significant decrease was found over time 
(Wilcoxon signed-rank, p=0.017); in line with what seen for the mean and peak to 
peak values. However, such decreasing trend was only found in the SSPI group 
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(Wilcoxon signed-rank, p=0.016), confirming the ability of SSPI – KP to reduce 
excessive of the posterior wall.  
 
Figure ‎3-17: Maximum posterior displacement measured at the beginning and 
end of test. 
Representative curves of the strain recorded on the left and right rod are 
presented in Figure ‎3-18; as above, the mean and peak to peak value of each signal 
were calculated over each cycle throughout the test. The actual maximum strain 
was calculated from the recordings of the left and right gauge of each sample in the 
same way described above for the maximum posterior displacement. The median 
at the initial stage of the test and at run-out was 647 με (range 538 – 1196 με) and 
637 με (range 589 – 704 με), respectively, for SSPI, and 531 με (range 403 – 996 με) 
and 553 με (range 407 – 984 με), for SSPI – KP. Despite strains being qualitatively 
lower in SSPI – KP (Figure ‎3-19); only a marginal difference was found when 
comparing values at the end of test (Mann-Whitney U, p=0.093). When results 
were pooled together, the maximum strain at the beginning and at run-out was 
607 με (range 403 – 1196 με), and 605 με (range 407 – 984 με), respectively. 
However, no difference could be seen over time (Wilcoxon signed-rank, p=0.97). 
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Figure ‎3-18: Mean and peak to peak values of the signals acquired throughout the 
test from the strain gauges bonded on the left and right fixator rod. 
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Figure ‎3-19: Actual maximum strain recorded on the fixator rods at the beginning 
and end of test. 
The stiffness was calculated throughout the test at each cycle both on the 
rising (StiffRise) and falling (StiffFall) edge (Figure ‎3-20); detailed description of the 
calculation method can be found in ‎2.2.3.3. In all cases no significant difference 
was found between groups, although an approximate 5 % decrease was found over 
time comparing the values at the beginning and end of test (Table ‎3-6). Initial 
stiffness values were predictive of the final stiffness and a strong correlation was 
found: StiffRise (rs=0.99, p<0.001), and Stiff
Fall (rs=0.99, p<0.001).  
The stiffness calculated on the rising edge was significantly higher than that 
calculated on the falling edge both at the initial stage (p<0.001) and at run-out 
(p<0.001). Stiffin
Rise was 6 % higher than Stiffin
Fall, however such difference was 
considered constant throughout the test as it increased by just 1 % when calculated 
for the final values (Stifffin
Rise and Stifffin
Fall). In addition, StiffRise and StiffFall were 
strongly correlated between each other both when considering the beginning 
(rs=0.99, p<0.001) and of test (rs=0.99, p<0.001). Therefore, for simplicity of 
reading, all the following results and discussion will refer to only StiffFall 
(Figure ‎3-21), and could be assumed to be equally valid for StiffRise. The constant 
difference between the two quantities was imputed to viscoelasticity of the 
samples, where energy is lost due to creep. 
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Figure ‎3-20: Sample curves showing evolution of stiffness over time calculated on 
both falling and rising edge of the load-displacement curve. 
 
Table ‎3-6: Stiffness (N/mm) of the construct calculated throughout the test and 
divided by group.  
Parameter SSPI SSPI – KP p† p‡ 
 median range median range   
Stiffin
Rise 399 130 – 633 516 479 – 732 0.13 
0.026* 
Stifffin
Rise 370 139 – 632 480 402 – 688 0.13 
Stiffin
Fall 379 113 – 603 497 453 – 710 0.13 
0.010* 
Stifffin
Fall 338 125 – 594 463 373 – 661 0.13 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the comparison between initial and final value. 
* p-value < 0.05. 
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Figure ‎3-21: Stiffness of the construct at the beginning and end of test. Difference 
between SSPI and SSPI – KP can be qualitatively appreciated. 
Initial stiffness was positively correlated with the initial mean value of the 
axial displacement (rs=0.79, p=0.0036) and negatively correlated with its peak to 
peak value (rs=-0.85; p<0.001), meaning that lower stiffness resulted in greater 
axial compression  
The final mean value of the posterior displacement was correlated with both 
the initial (rs=0.61, p=0.040) and final stiffness (rs=0.60, p=0.043), whilst no 
correlation was found with the initial value (p>0.80 in both cases). On the contrary, 
only the initial peak to peak value of the posterior displacement showed a 
significant negative correlation with the initial (rs=-0.69; p=0.016) and final stiffness 
(rs=-0.70; p=0.015).  
Initial stiffness was negatively correlated with the actual maximum strain at 
the beginning (rs=-0.80; p=0.0031) and end of test (rs=-0.61; p=0.040). Likewise the 
final stiffness negatively correlated with the initial (rs=-0.80; p=0.0027) and final 
actual maximum strain (rs=-0.62; p=0.034). The actual maximum strain at the 
beginning of the test was negatively correlated with both the initial (rs=-0.81; 
p=0.0024) and final (rs=-0.82; p=0.0017) mean axial displacement. Conversely, no 
significant correlation was found between the final actual maximum strain and the 
initial and final mean displacement. The initial actual maximum strain was 
predictive of the amplitude of the axial displacement, both at the beginning 
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(rs=0.92, p<0.001) and end of test (rs=0.92, p<0.001). No correlation was found 
between strain and posterior displacement for any of the calculated parameter. 
None of the above mentioned parameters appeared to be influence by the 
grade of the fracture at the central vertebra of the segment (p>0.05 in all cases). 
Presence of a loose screw did not induce any significant variation in all the 
measured parameter except for the mean value of the axial displacement. The 
sample that developed screw looseness where subjected to initial higher 
compression (Mann-Whitney U, p=0.030) which remained higher also at the end of 
test (Mann-Whitney U, p=0.018). 
3.3.3 Endplate deflection 
3D maps of endplate deflection were calculated for the endplate cranially and 
caudally adjacent to the treated level (i.e. central vertebra of the segment). 
Displacement fields were transformed and decomposed according to anatomical 
axes, as described previously (‎2.2.4.4). The vertical component (i.e. cranio-caudal 
direction: y-axis) was considered the most biomechanically relevant for the study, 
thus it was the only included in the analysis presented below. 
Table ‎3-7 details the 5th and 95th percentile of the endplate deflection fields in 
the cranio-caudal direction divided by group, and the statistical difference between 
them. Each deflection map (Figure ‎3-22) was treated as a distribution of values; 
whose extremes were represented by the 5th and 95th percentile (‎2.2.4.4). 
Complete presentation of all the vertical displacement maps calculated per each 
sample can be found in Appendix C. To allow comparison, and pooling of results 
from cranially and caudally adjacent endplates, data were sorted to have negative 
values always indicating displacement towards the core of the vertebra. In fact, in 
accordance with the definition of the reference frame (‎2.2.4.2), cranially adjacent 
endplates showed positive values for displacement towards the core of the 
vertebra, since it is the positive direction of the vertical axis. 
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Figure ‎3-22: Example of displacement maps (mm) for cranial endplates of 
vertebrae caudally adjacent to a treated one (see Appendix C) 
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Table ‎3-7: 5th and 95th percentile of cranio-caudal endplate deflection field 
calculated at post-fatigue. 
Deflection SSPI SSPI – KP p† p‡ 
 median range median range   
Cranial 5th -0.3 -1.0 – -0.1 -0.1 -1.0 – 0.0 0.48 
0.42 
Caudal 5th  -0.1 -0.4 – 0.0 -0.3 -0.4 – -0.1 0.18 
5th percentile -0.2 -1.0 – 0.0 -0.2 -0.9 – 0.0 0.68 – 
Cranial 95th 0.3 0.1 – 1.0 0.1 0.0 – 0.9 0.48 
0.79 
Caudal 95th 0.2 0.0 – 0.7 0.3 -0.1 – 1.1 0.93 
95th percentile 0.2 0.1 – 1.0 0.1 -0.1 – 1.1 0.59 – 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the comparison between pooled results from cranially and 
caudally adjacent vertebra. 
* p-value < 0.05. 
 
No significant difference between groups was found for both the median 5th 
(Mann-Whitney U, p=0.68) and 95th percentile (Mann-Whitney U, p=0.59) of 
endplate deflection (Figure ‎3-23). When data were pooled together, the median of 
the 5th and 95th percentile was -0.2 (-1.0 – 0.0) and 0.2 (-0.1 – 1.1), respectively. 
The 95th percentile was significantly higher than the 5th (p<0.001). The spinal level 
did not influence both the 5th (Kruskal-Wallis, p=0.59) and 95th percentile (Kruskal-
Wallis, p=0.50), and no difference was found between cranially and caudally 
adjacent endplates (Wilcoxon signed-rank, p=0.42 for 5th, and p=0.79 for 95th) 
(Figure ‎3-24).  
A significant correlation was found between 5th and 95th percentiles of 
endplate deflection (rs=-0.71, p<0.001), whilst no correlation was found between 
deflection and all the results describing stiffness (p>0.05), axial displacement 
(p>0.05) and posterior displacement (p>0.05). However, the 95th percentile 
appeared to be associated with the mean value of the strain on the fixator rods 
(beginning of test rs= 0.43, p=0.036; end of test rs= 0.57, p=0.0036). 
The fracture grade did not influence both the 5th (Kruskal-Wallis, p=0.51) and 
95th (Kruskal-Wallis, p=0.36) percentiles, and neither did the presence of fragment 
retropulsion (Mann-Whitney U, p=0.98; p=0.19, respectively). 
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Figure ‎3-23: 5th and 95th percentile of the deflection field on the adjacent 
endplates along the cranio-caudal direction, for SSPI and SSPI – KP.  
 
 
Figure ‎3-24: 5th and 95th percentile of deflection field on the adjacent endplates 
along the cranio-caudal direction, divided by side of adjacency to the treated 
vertebra. 
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3.4 3D analysis 
This section details the results from quantitative 3D investigation of the 
central level of each segment. Therefore, the methods developed (‎2.2.4.3) allowed 
following the anatomical changes of the vertebral body throughout the different 
experimental stages (intact to post-fatigue) and link them to the results from 
mechanical testing. The angle on the frontal plane was not included in the analysis 
presented below, for simplicity and because it was of limited interest for the study. 
The median height, kyphotic angle and endplate curvature of the samples in 
intact conditions was 25.7 mm (range 19.6 – 28.2 mm), 0.4° (range -9.8 – 6.8°) and 
250.1 mm (range 55.9 – 1088.0 mm), respectively. The level of the vertebra 
significantly influenced both the vertebral height (Kruskal-Wallis, p=0.024) and 
kyphotic angle (Kruskal-Wallis, p=0.0097). The endplate curvature was overall 
independent from the spinal level (Kruskal-Wallis, p=0.39), but the curvature of the 
cranial endplates was significantly higher (i.e. they were flatter) than that of the 
caudal ones (Wilcoxon signed-rank, p=0.016).  
A significant difference in the percent height loss (Mann-Whitney U, p=0.015) 
was found between HE (34.2 %) and LE group (13.0 %) (Figure ‎3-27), but not across 
spinal levels (Kruskal-Wallis, p=0.78). In addition, the absolute height loss (i.e. not 
relative to the intact condition) was marginally influenced by the fracture type 
(Kruskal-Wallis, p=0.057), and positively correlated with the delivered energy 
(rs=0.75, p=0.0074), and SCOCT (rs=0.60, p=0.040). No correlation was found 
between IPWmax (rs=-0.021, p=0.95), IPWres (rs=-0.055, p=0.89) and absolute height 
loss. In addition, no difference was found between groups for the change in 
kyphotic angle (Mann-Whitney U, p=0.24), whose absolute median increase was 
2.5° (range -8.5 – 8.8°); no association was seen with the above mentioned 
variables.  
The fracture caused an increase in the convexity of the endplates, which 
meant a significant decrease in the curvature radius (Figure ‎3-25) (Wilcoxon signed-
rank, p<0.001) from 172.0 mm (range 55.9 – 1088.0 mm) to 77.5 mm (range 34.7 – 
591.3 mm). Sample results obtained from CT scans are presented in (Figure ‎3-26). 
The cranial endplates were subjected to a higher percent increase in convexity than 
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the caudal ones (Wilcoxon signed-rank, p=0.027) (Figure ‎3-28). No difference was 
found in such decrease between HE and LE (Mann-Whitney U, p=0.57), as well as 
among spinal levels (Kruskal-Wallis, p=0.54), and fracture type (Kruskal-Wallis, 
p=0.28). However, the percent variation in curvature radius was correlated with 
the delivered energy (rs=0.49, p=0.018) and the percent vertebral compression 
(rs=0.56, p=0.0054). Conversely, no association was found with IPWmax (rs=-0.18, 
p=0.40), IPWres (rs=-0.18, p=0.45) and SCOCT (rs=0.34, p=0.12). 
 
Figure ‎3-25: A decrease in the radius of the sphere fitted onto the endplate 
indicated an increase in its convexity. 
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Figure ‎3-26: Example of endplate curvature calculated before and after fracture. 
Global curvature is represented by a fitted surface whilst local curvature (mean 
curvature H) is plotted directly on the endplate surface. 
 
 
Figure ‎3-27: Percent height loss and variation in kyphotic angle caused by 
creation of a burst fracture. Difference between HE and LE group. 
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Figure ‎3-28: Percent variation of endplate curvature radius at post-fracture with 
respect to intact conditions. Comparison between cranial and caudal endplates. 
Post-treatment and post-fatigue testing stages were added to the analysis, to 
compare SSPI – KP and SSPI, and investigate the performance of the treatment. 
Details of the vertebral body height throughout the experimental stages by group 
are presented in Table ‎3-8, whilst Table ‎3-9 details the changes in the kyphotic 
angle. 
No significant difference was found at all experimental stages between SSPI 
and SSPI – KP, for both vertebral body height and kyphotic angle. Results were then 
pooled together to assess differences across consecutive stages (Figure ‎3-29). Burst 
fracture caused a significant 24.8 % compression of the vertebral body (p<0.001). 
Following surgical treatment, the vertebral body height was increased by 12.3 % 
with respect to post-fracture condition. In absolute terms, the height significantly 
increased from 18.5 mm to 21.4 mm (p<0.001).  
Fatigue testing induced a non-significant increase (Mann-Whitney U, p=0.69) 
in vertebral body compression (with respect to post-treatment condition) by 0.30 
% and 0.48 %, in SSPI and SSPI – KP, respectively. Overall, from intact to post-
fatigue stage, height decreased by 19.8 % (range -0.69 – 25.5 %) in SSPI and 11.9 % 
(range -1.2 – 21.4 %) in SSPI – KP (Figure ‎3-30), but no significant difference 
between groups was found (Mann-Whitney U, p=0.48). When considering the 
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kyphotic angle, fracture overall induced lordosis of the vertebral body. However, 
the only significant change was found between pre- and post-fatigue testing.  
Table ‎3-8: Vertebral body height (mm) at consecutive experimental stages, 
comparison between SSPI and SSPI – KP. 
Experimental SSPI SSPI – KP p† p‡ 
stage median range median range   
Intact 25.7 22.5 – 28.2 25.6 19.6 – 27.8 0.70 – 
Post-fracture 18.6 15.6 – 27.7 17.9 14.1 – 26.6 0.70 <0.001* 
Post-treatment 20.8 18.7 – 27.9 22.6 16.5 – 27.5 0.87 <0.001* 
Post-fatigue 20.9 18.7 – 27.8 21.8 17.1 – 27.4 0.94 0.69 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the difference with the previous stage. 
* p-value < 0.05. 
 
Table ‎3-9: Vertebral kyphotic angle (°) at consecutive experimental stages, 
comparison between SSPI and SSPI – KP. 
Experimental SSPI SSPI – KP p† p‡ 
stage median range median range   
Intact -1.6 -9.8 – 3.1 2.7 -8.3 – 6.8 0.48 – 
Post-fracture -4.5 -10.5 – -1.8 -2.0 -11.7 – 4.7 0.24 0.092 
Post-treatment -4.7 -6.4 – -1.2 -0.6 -8.5 – 2.7 0.48 0.42 
Post-fatigue -4.9 -7.9 – -2.9 -4.9 -7.7 – 3.4 0.94 0.02* 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the difference with the previous stage. 
* p-value < 0.05. 
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Figure ‎3-29: Vertebral body height and kyphotic angle across experimental stages 
with all results pooled together. 
 
 
Figure ‎3-30: Percent vertebral body compression at post-fatigue, with respect to 
intact conditions, by treatment group. 
No significant difference was found between the two groups after the 
treatment in terms of endplate curvature radius (Mann-Whitney U, p=0.11) 
(Table ‎3-10). Such results might suggest that both techniques provided the same 
endplate restoration. However, if the analysis is undertaken within each group, and 
comparing post-fracture with post-treatment absolute values, a remarkable 
difference arises. SSPI worsened the convexity of the endplates (Wilcoxon signed-
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rank, p=0.0061), in fact, a 7.9 % (range -53.5 – 4.2 %) increase in the curvature 
radius was detected. Conversely SSPI – KP showed a significant 21.7 % (range -4.0 – 
119.2 %) reduction of convexity (Wilcoxon signed-rank, p=0.0081). This result 
meant that KP achieved an additional degree of restoration of the endplate 
curvature, otherwise not possible through SSPI alone, which instead aggravated the 
curvature. Such difference between SSPI and SSPI – KP was even more marked 
when comparing the aforementioned percent variations with respect to post-
fracture conditions (Mann-Whitney U, p<0.001), although no clear correlation was 
seen with the height increase (rs=0.31, p=0.14). 
Following fatigue testing, the percent curvature improvement (which aims at 
recovering the intact value), with respect to post-fracture conditions, was still 
higher in SSPI – KP than in SSPI (Mann-Whitney U, p=0.0045) (Figure ‎3-31). In 
addition, no significant change was seen between consecutive post-treatment and 
post-fatigue stages in both SSPI (Wilcoxon signed-rank, p=0.24) and SSPI – KP 
(Wilcoxon signed-rank, p=0.45), showing that both treatments overall retained 
what initially achieved. However, a peculiar trend could be identified. Although the 
variation was shown not to be statistically significant, in SSPI the endplate radius 
decreased by 4.3 %, whilst in SSPI – KP it increased by 6.0 %. Such qualitative 
observation suggested that fatigue testing flattened the endplates in SSPI, whilst 
increasing the convexity in SSPI – KP.  
When comparing the whole experimental process, the curvature radius at 
post-fatigue underwent a 54.7 % increase with respect to intact conditions in SSPI-
KP, whilst in SSPI it was 66.4 % (note that higher percent variations indicate higher 
increase in convexity with respect to intact conditions). Although the endplates in 
SSPI overall showed a higher percent increase, no significant difference could be 
seen between groups (Mann-Whitney U, p=0.56), because the variation caused by 
the fracture overshadowed that of the treatment. None of the two techniques was 
able to fully restore the curvature of the endplate.  
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Table ‎3-10: Endplate radius of curvature (mm) at consecutive experimental 
stages, comparison between SSPI and SSPI – KP. 
Experimental SSPI SSPI – KP p† p‡ 
stage median range median range   
Intact 133.5 80.3 – 1088.0 179.0 55.9 – 715.9 0.41 – 
Post-fracture 75.9 34.7 – 591.3 80.0 38.4 – 329.7 0.71 <0.001* 
Post-treatment 56.2 35.1 – 275.2 94.2 45.9 – 576.2 0.11 0.68 
Post-fatigue 56.2 46.5 – 273.4 87.5 46.5 – 324.6 0.13 0.50 
† p-value relative to the comparison between SSPI and SSPI – KP group. 
‡ p-value relative to the difference with the previous stage. 
* p-value < 0.05. 
 
 
Figure ‎3-31: Percent variation of endplate curvature radius at post-fatigue with 
respect to the post-fracture (before undergoing treatment) stage, results grouped 
by treatment. 
Table ‎3-11 presents the correlation coefficients between results from fatigue 
testing and the vertebral height compression, and curvature change, induced by 
the treatment (percent variation at post-treatment with respect to fractured 
conditions). The results from fatigue testing used for the analysis were those 
calculated at the end of the test, hence to assess if anatomical restoration could be 
predictive of the mechanical outcome. In particular, parameters under 
investigation were stiffness, mean value of the axial displacement, maximum actual 
displacement measured by LVDT and maximum strain measured on the fixator 
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rods. Although no correlation was found with the stiffness, the vertebral 
compression was positively correlated with the axial displacement (rs=0.71, 
p=0.013), which means that the more the height restored, the higher the 
compression of the construct due to cyclic loading. However, when data where 
grouped by treatment, it appeared that this phenomenon happened almost 
exclusively in SSPI. In fact, despite the marginal significance, a correlation in SSPI 
was still present (rs=0.83, p=0.058), whilst no association was found in SSPI – KP 
(rs=0.37, p=0.49) (Figure ‎3-32). On the other hand, no association was found 
between the outcomes of mechanical testing and the percent variation of the 
endplate curvature induced by the treatment. 
Correlation was also calculated between the post-fatigue endplate deflection 
and percent vertebral height compression, as well as percent curvature change 
(same parameters used above). No association was found between the endplate 
deflection and vertebral height compression when considering both the 5th 
(rs=0.040, p=0.85) and 95
th percentile of endplate deflection (rs=-0.052, p=0.81). 
Likewise, the percent variation of endplate curvature did not influence the 5th 
(rs=0.16, p=0.44) and 95
th percentile (rs=-0.14, p=0.52). Therefore, the amount of 
percent height restoration, and endplate curvature restoration, were not related 
with the extent of adjacent endplate deflection. 
Table ‎3-11: Correlation between percent height and curvature changes following 
treatment (with respect to post-fracture), and results from fatigue testing 
(calculated at the end of the experiment). 
Parameter Stiffness 
Axial 
displacement 
Posterior 
displacement 
Fixator strain 
 rs p rs p rs p rs p 
Height (%) 0.34 0.28 0.71 0.013* 0.27 0.40 0.12 0.72 
Radius (%) 0.30 0.16 0.21 0.33 0.47 0.021* -0.040 0.85 
Results pooled together with no distinction of treatment group. 
* p-value < 0.05. 
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Figure ‎3-32: Association between vertebral body compression and mean value of 
axial displacement calculated at the end of fatigue testing. Percent compression 
is negative because treatment resulted in an increase in height with respect to 
intact conditions.  
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Chapter 4: Discussion 
This chapter reviews the findings of this study whilst discussing their clinical 
and engineering relevance. The main aim of the project was to investigate the 
biomechanics of vertebral fractures, with special focus on the burst fracture 
pathway (onset to treatment), which was fulfilled by using a methodical approach 
as defined by the study objectives (Table ‎4-1).  
Table ‎4-1: Summary of the study objectives and key findings. 
Objective Status Key findings 
Provide experimental 
data for FE model 
development through in 
situ testing (‎2.2.1). 
Completed Loading surfaces deflection estimated from 
CT scans. Methodology successfully 
translated for assessment of endplate fatigue 
(‎2.2.4.4). 
Image based boundary conditions are more 
efficient and robust. 
Develop and integrate 
methods for 3D analysis 
of vertebral anatomy 
(‎2.2.4). 
Completed Tracked significant anatomical changes 
throughout experimental stages (‎3.4). 
Identified curvature changes induced by 
fracture and treatment. 
Potentially suitable for in vivo applications. 
Investigate in vitro the 
burst fracture 
mechanics and 
dynamics of IPW (‎2.2.2). 
Completed Provided first ever evidence on dynamics of 
IPW: IPWmax=15.8% and IPWres=4.9% 
(‎3.2.1). 
Vertebral height is influenced by impact 
energy (‎3.4). 
Fracture causes increase in endplate 
convexity (‎3.4). 
Current dynamic SCO filming technique is not 
suitable for human cadaveric tissue (‎3.2.2). 
Provide in vitro fatigue 
comparison/investigatio
n on SSPI and SSPI – KP 
as treatment for spinal 
burst fractures (‎2.2.3). 
Completed SSPI – KP marginally improves mechanical 
properties better than SSPI and reduces 
migration of posterior wall (‎3.3.2). 
Fatigue loading induces an overall decrease 
of stiffness of the construct (‎3.3.2). 
KP allows better restoration of endplate 
morphology (potentially preventing post-
traumatic disc degeneration) (‎3.4). 
Adjacent endplates do not significantly 
degenerate because of fatigue loading 
(‎3.3.3). 
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The nature of the project made it progress as new methodologies were 
developed and improved throughout consecutive stages. The software applications 
that were implemented increased in complexity and capability, especially with 
regard to data-logging/hardware interface (LabVIEW; National Instruments 
Corporation) and image-processing (Matlab; the MathWorks Inc. and Amira; 
Visualization Sciences Group). The 3D analysis allowed tying fracture onset with 
treatment outcomes, providing further insight on the evolution of vertebral 
anatomy throughout the fracture pathway. In addition, the collaboration for the 
development of FE enabled transferring knowledge to the main project, as the 
methodology for the definition of the boundary conditions was adapted to assess 
permanent endplate deflection caused by fatigue loading (‎2.2.4.4). 
4.1 In situ testing and FE modelling 
The in situ experimental protocol allowed successful stepwise loading and 
simultaneous scanning of three-adjacent-vertebrae segments. However, the 
outcomes of the experimental protocol were not free from limitations and issues. 
Firstly, although all the segments were tested and image processing could be 
performed, only three out eight segments were actually suitable for the 
development of the FE model. In fact, adequate boundary conditions could be 
extracted only when the displacement fields were sufficiently uniform in 
distribution and magnitude. Therefore, the experimental data gathering resulted in 
being time-consuming, since part of the processed datasets had to be discarded 
(although they can be used for other future applications).  
Results from Hulme et al. [67] have shown endplate deformation in 
osteoporotic vertebrae are between 0.02 and 0.08 mm in magnitude, at loads 
ranging from 200 to 2000 N. Although correlated with the imposed stress, their 
displacement measurements showed significant scatter, in agreement with the 
issues encountered in this study. In fact, endplate properties have been shown to 
be subjected to high variability [247], which may be emphasised even further by 
multiple myeloma. Besides, osteolytic lesions may induce erratic endplate 
biomechanics by disrupting load transfer paths through the trabecular structure. 
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Another limitation is that the rig was not watertight, as that used by Hulme et 
al. [67]. Having been able to completely submerge the sample in saline solution 
would have ensured hydration as well as X-ray attenuation more similar to that 
occurring in vivo [248]. Hence, future amendments to the design should account 
for those considerations. 
This study showed that the in situ protocol can be used to develop FE models 
from consecutive load steps, representative of the resultant increase in structural 
damage. In addition, HR-pQCT datasets were used to extrapolate boundary 
conditions, which consisted of the displacement field which the loading surfaces 
underwent (facets and endplates) from one load step to the subsequent one. 
Results proved that this approach allowed detecting patterns of stress and strain 
concentration indicative of pre-failure conditions in MM involved bone, where the 
trabecular structure was sparse and/or compromised. Hence, the method could be 
also used to identify areas at higher risk of damage.  
Several works have shown the importance of geometrical fidelity to achieve 
better experimental validation of numerical simulations [50, 249, 250]. However, 
FE models are commonly constructed directly from micro-CT scans or datasets, 
downsampled to simulate clinical CT resolution and/or reduce computational 
complexity [251-254]. Although more clinically relevant, models at relatively low 
resolution are less accurate at predicting structural damage, whilst lacking 
geometrical definition [250, 253]. In all three simulations developed for this 
project, good qualitative comparison between actual areas of damage (detected on 
the HR-pQCT scans) and stress/strain concentration on the model could be 
achieved when the average element size was on the order of the mean trabecular 
thickness; as confirmed by mesh sensitivity studies. Higher resolution also allowed 
creating meshes which better described the cortical shell of the vertebral body, 
which was modelled by at least two elements. Hence, artifacts due to partial 
volume effect could be neglected [50], without the need for assigning idealised 
mechanical properties to the shell, conversely to previous works in the 
literature[252, 255, 256]. Exploiting a high resolution mesh also allowed 
appreciating the behaviour of the thickest trabecular structures (Figure ‎3-3), 
without the complexity and computational cost required by micro FE simulations. 
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Although more accurate, micro FE requires each trabecula to be described by at 
least 3-4 elements to reach mesh convergence [50, 236, 237].  
Numerical simulations are highly sensitive to their boundary conditions, and 
this issue has been highlighted in several FE studies on vertebrae [249, 254]. The 
approach used in this study was based on the work by Hojjat et al. [236], and 
Herblum et al. [237], where displacement of the facets and endplates was imposed, 
to simulate boundary conditions as close as possible to that in vivo. However, the 
aforementioned works where carried out on rat vertebrae, whereas this study 
represents the first application of the method on human pathological spinal 
segments. Accurate image segmentation and registration allowed calculating 
displacement fields that were representative of the actual loading conditions at the 
time of scanning. Therefore, displacement based boundary conditions implicitly 
account for the load transmitted through the facet joints and intervertebral discs, 
without any need for modelling those soft tissue structures (and the effects of their 
degeneration). On the other hand, since the displacement fields were assigned 
node by node, large mesh deformation could occur at the boundary. Hence, results 
directly at the loading surfaces had to be excluded from the analysis. 
Since a simplified linear elastic constitutive law was assigned to the elements, 
models could be solved in 10-15 minutes, despite the high density of the mesh. 
However, the material properties were assigned at each load step through the 
optimisation process based on balancing the reaction forces and that resulted in 
having different parameters for each model. Hence, further research is needed to 
develop an effective constitutive law specific/greyscale conversion for the multiple 
myeloma infiltrated vertebra (also integrating the cancerous tissue).  
Although the considerations made above were based on qualitative 
comparisons, the models showed ability to anticipate gross bone failure, which 
occurred in areas of stress/strain concentration. In addition, the same approach 
used for the definition of boundary conditions may be applied to other bones.  
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4.2 Biomechanics of burst fracture onset 
Comminution of the endplates, IPW, SCO and LF are considered the hallmarks 
of spinal burst fractures [18], which have been found to be associated with the 
occurrence of neurological impairment [15, 18]. However, the greatest hurdle in 
the diagnostics of the injury is that it occurs during the abrupt and transient phase 
of the fracture onset [28]. Therefore, biomechanical studies are paramount to 
better understand the dynamics of the phenomena involved, hence yielding to 
better clinical interventions.  
Several studies have induced burst fractures with the specimen in 
flexion/extension (Table ‎1-11), to better replicate the spinal alignment in motor 
accidents/fall from heights [257]. On the other hand, zero flexion can be 
considered the condition where the vertebral body is more resilient, since it is 
optimised for axial loading [63]. Jones et al. [196] imposed an initial 15° flexion 
whilst allowing unconstrained further rotation at the impact. Conversely, in this 
study, pure axial compression impacts were delivered without imposing any flexion 
of the spinal segment, whilst the design of the impactor avoided any relative 
rotation between the loading surfaces. Therefore, the loading conditions could be 
assumed as an overconstrained axial compression, which allowed keeping the 
simulation as controlled as possible. As a matter of fact, developing an 
experimental protocol for impact biomechanics requires dealing with complex 
transient events, as opposed to quasi-static loading. Repeatability of burst fracture 
experiments has been often disputed, in particular since the fracture patterns 
seldom match what is seen clinically [191, 192]. Similarly to previous works, all the 
main ligamentous structures were kept intact, to ensure a realistic simulation. In 
fact, the PLL plays an important role in recoiling the bony fragment and protecting 
the spinal cord [258]. Overall, fracture appearance and results for SCOCT were in 
agreement with the literature (Table ‎1-11) [18]. However, it must be noted that 
Panjabi et al. [194] obtained a poorer correlation between SCO and impact energy 
(R2=0.27; p=0.15) than that obtained in this study (rs=0.56; p=0.063), hence 
confirming the robustness of the experimental protocol here developed. Thus, the 
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loading conditions implemented in this study could be considered relevant to 
simulate high-energy in vivo spinal trauma.  
Surgical cuts (on the cortical shell of the vertebra and lamina) have been 
performed in other works to drive the occurrence of the fracture [195, 210]. This 
approach was not undertaken in this study to keep the fracture onset more 
physiological, hence focusing on the actual bone structure and geometry. Although 
Panjabi et al. [194] have argued that delivering incremental impacts leads to more 
clinical-like fractures, such protocol was not implemented in this study, to limit the 
variability of the loading conditions. In fact, the appearance of the fracture was 
always in agreement with what has been presented in the clinical literature 
(Figure ‎3-4) [15, 18, 99]. In addition, PLL remained intact in all the samples, as in 
the in vitro experiments of Verlaan et al. [199], whilst none of the samples had to 
be discarded because judged inadequate for the analysis. The above considerations 
further demonstrate the validity of the experimental protocol developed. In 
particular, special care was taken when designing the testing fixtures, to ensure 
repeatable and robust testing conditions. Granting consistent alignment within the 
testing frame was indeed a fundamental requirement to fulfil, as trabecular bone 
(which the vertebral body is mainly made of) is particularly prone to experimental 
errors due to off-axis loading [259]. 
Meves et al. [21] reported a mean patient age of 39 ± 1 (range 13 – 84) for 
thoracolumbar burst fractures, whilst in this study the median age of the donors 
was slightly higher 45 (range 38 – 56). Younger/healthier donors may have 
increased the impact of the study; however it must be born in mind that the 
characteristics of the sample cohort depended on the restricted availability of 
cadaveric tissue. The limited sample size was the main limitation of this study, 
which resulted in a reduction of the statistical power of the analysis. Although 
some results showed some relevant trend, it was sometime not possible to support 
those assumptions statistically. This was mainly seen when assessing the dispersion 
between datasets through the Ansari-Bradley test, which necessitates a number of 
samples higher than that available in this study to detect a significant difference. 
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Consistently with clinical practice, fractures were graded using the 
classification of Magerl et al. [18]. Although it is one of the most widely used and 
trusted grading systems [101], some authors have argued that this classification 
may not be the most viable, because it requires morphological inspection based on 
a CT scan. In this study all the samples required multiple HR-pQCT scanning (to 
carry out the 3D analysis), thus undertaking the classification did not entail 
exploiting any extra resource. Despite the consistency of the injury patterns when 
compared to the clinical literature, it must be noted that the fractures induced on 
T10 vertebrae may have been altered by the lack of the stiffening effect of the rib 
cage.  
4.2.1 Considerations on interpedicular widening and spinal canal occlusion 
The dynamics of SCO have been previously investigated in several in vitro 
studies, which have shown that SCO measured at presentation is always a 
significant underestimation of what happens at fracture onset (‎1.4.1). In particular, 
Wilcox et al. [26] developed a methodology to quantify the SCO dynamically using 
high-speed filming on bovine spine segments. In this study, the same method was 
implemented to validate its viability on human spine segments, but results showed 
that it was not possible to achieve the same performance as in Wilcox et al. [26]. 
From a qualitative point of view, the filming agreed with the aforementioned study, 
as during the transient phase SCO reached a maximum (SCOmax), which 
subsequently decreased to its resting value (SCOres). However, extremely poor 
agreement was found between SCOres and SCOCT (±70 %), which was mainly driven 
by the behaviour of human soft tissue under impact conditions. Figure ‎4-1 presents 
in a qualitative fashion the most common phenomena that impaired image 
processing when measuring SCO from the video recordings. Bone marrow splatters 
on the mirrors caused light artifacts that blurred or joined the boundaries of the 
canal CSA. In some cases, fragments of tissue (e.g. periosteum, connective tissue) 
detached from the bony surface and crossed the light path. Alternatively, SCOmax 
and SCOres were found not to be actually representative of the vertebral foramen, 
but of the intervertebral disc bulging. This was confirmed by HR-pQCT scanning 
where high values of SCOres did not have any connection with the appearance of 
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the fracture on the image dataset. Hence, in many cases what measured may have 
actually been the bulging of the disc and/or translation of the vertebral body, 
rather than the deformation of the posterior wall. Wilcox et al. [26] have probably 
not encountered any of this issues because they used bovine tissue. The 
quadrupeds’ spine undergoes a different biomechanics than the human [78], whilst 
samples are tipically harvested from young animals. Additionally, bovine 
intervertebral discs are stiffer, higher and with a higher collagen content [260], 
which may result in less bulging. The trabecular structure in quadrupeds is 
significantly denser [261], and that may have helped contain the bone marrow, 
hence avoiding splatters and resulting artifacts. 
 
Figure ‎4-1: Frames from high-speed filming of the spinal canal representative of 
the sources of error. The difference between the ideal canal area and what 
actually measured is highlighted. 
Although IPW has been speculated to have a dynamic behaviour similar to 
that of SCO [123], no work has ever corroborated this hypothesis or provided any 
actual evidence of it. In this study, experimental measurements on cadaveric tissue 
proved that IPW dynamically evolves throughout the fracture. Figure ‎4-2 depicts 
the most significant phases of the evolution of IPW over time in accordance to the 
curves presented in Error! Reference source not found.. When the impact was 
delivered, IPW reached a maximum value (median IPWmax=15.8 %), which resulted 
in a 223 % increase with respect to what measured at resting conditions (IPWres=4.9 
%). 
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Figure ‎4-2: Evolution of IPW throughout the fracture onset. a: Posterior view of 
the intact sample. b: At the impact, the pedicles splay up to the critical value 
IPWmax. c: During the decay of the transient phase the pedicles are recoiled to 
their resting value IPWres/IPWCT. 
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Langrana et al. [191] reviewed the loading mechanism leading to the fracture 
and provided evidence that the fracture originates from the combination of axial 
loading at the endplates and splaying forces at the root of the pedicles, caused by 
the forceful downward displacement of the cranially adjacent articular processes. 
The evolution of IPW over time measured in this study agrees with that theory. It is 
plausible to assume that the wedging effect of the cranially adjacent articular 
process drove the abrupt widening of the pedicles up to IPWmax, which also 
represented the critical displacement value that triggered the failure of the root of 
the pedicles. In this study some degree of pedicle failure was found in all the 
samples. Although not as clinically common [18], a high incidence of pedicle 
fractures have been reported in other in vitro studies [114, 257]. 
Tensile strain at the base of the pedicles has been reported to be the highest 
over the whole vertebra in physiological conditions (490 N compression), ranging 
400 – 500 με [189], whilst a 3400 με strain has been measured on the same region 
at 75 % of the failure load (2800 N compression) [191]. Drop weight testing by 
Yoganandan et al. [257], has shown that axial load can reach peaks up to 6700 N at 
the impact (approximatively 450 J). A simplistic linear interpolation of the 
aforementioned results suggests that at such load the pedicles would undergo 
overall strains higher than 8100 με. Therefore, it is plausible to assume that in 
impact conditions, at IPWmax, the weakest regions of the cortical shell at the root of 
the pedicles may exceed 10000 με (i.e. failure strain of cortical bone [262]). In fact, 
given the amount of energy involved, even a limited failure may lead to fracture 
initiation, which would then propagate to the posterior wall and rest of the 
vertebral body.  
Stemper et al. have shown that the maximum compression of the vertebral 
body is achieved in 30 to 50 ms [188]. Likewise, loading a three-adjacent-vertebrae 
segment (thoraco-lumbar) at a strain rate of 100 mm/s produces fractures within 
50 – 60 ms [191], whilst cervical spine segments have been reported to fail within 
20 ms [197]. Ivancic et al. [263] simulated in vitro the occurrence of burst fractures 
due to a fall from height by fitting a cadaveric spine segment within an 
instrumented crash-test dummy. At the impact, the transducers recorded major 
transient events up to approximatively 70 ms. Results from this study were in 
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agreement with the aforementioned works, since the time required to reach 
IPWmax was 20 to 25 ms, whilst the whole transient phase lasted less than 400 ms 
(Error! Reference source not found.).  
After reaching IPWmax, the pedicles were recoiled to the residual value IPWres, 
which remained constant once the transient event was concluded. Thus, IPWres was 
considered indicative of what seen at presentation of the patient. Good agreement 
(approximatively ±4 %) was found between IPWres and IPWCT, confirming the 
reliability of the developed methodology and relevance of the measurements 
delivered. However, it must be noted that T10 required the LVDT to be positioned 
differently because of anatomical differences with the lumbar vertebrae, which 
may have somehow influenced the results. 
The dynamic response of an LVDT depends on the frequency of its excitation 
voltage, which should be at least ten times greater than the maximum frequency in 
the measured input [264]. The transducers used in this work where excited at 5000 
Hz, whilst the maximum frequency component in the displacement was estimated 
to be always below 400 Hz. Thus, the measurement system could be considered fit 
for the dynamic measures carried out. The estimation of the frequency 
components was based on Fast Fourier transform (Matlab; The Mathworks Inc.) 
performed on the logged voltage signals. 
Clinical studies have suggested that the most relevant determinant of the 
neurological injury may be the actual shape of the spinal canal, rather than the 
extent of its occlusion [20, 122]. Vaccaro et al. [20] has reported a higher incidence 
of neurological injuries in patients with a higher ratio between the transverse and 
sagittal diameter of the vertebral foramen (i.e. the CSA becomes more elliptical). At 
the same time, the shape of the vertebral foramen is directly dependant on IPW, 
since its transverse diameter is the same as the interpedicular distance except for 
the width of the pedicles. Therefore, IPWmax represented the instant where the 
transverse diameter of the vertebral foramen reached its maximum, hence the 
most critical condition for the injury of the spinal cord. 
Caffaro et al. [23] have provided in vivo measurements from plain radiographs 
and have found IPW to be 24.7 % in presence of neurological injury and 15.3 % in 
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its absence. The experiments carried out in this study yielded to a median IPWCT of 
4.7 %. Such a lower value may be indicative of less severe fractures; maybe 
because the experimental protocol lacked of any muscle simulation. Although 
radiographic in vivo measurements of IPW seem not to be affected if taken with 
the patient prone or supine [265], the forces exerted by the para-spinal muscles 
and the intra-abdominal pressure may induce further splaying of the pedicles 
which could not be replicated in vitro, both at the time of the CT assessment as 
well as during the fracture origination. Saari et al. [266] exploited the follower load 
paradigm to stabilise the spine segment in in vitro impact conditions. Undertaking a 
similar approach in this study would have increased the complexity of the loading 
conditions and experimental protocol. In addition, the implementation of a 
follower load protocol requires anchoring points on the vertebral body (to exert 
force on it), which would have resulted in stress concentrators, erroneously 
conditioning the fracture initiation.  
IPWres/IPWCT showed only a marginal variation across levels, conversely to the 
increasing trend in the caudal direction found in the clinical literature (Table ‎4-2). 
On the other hand, a significant decreasing trend in the caudal direction was found 
for IPWmax in this study (Figure ‎3-9). If results from Caffaro et al. [23] and those 
from this study are taken together, it appears that IPWmax and the residual IPW 
have opposite trends across spinal levels. Some biomechanical insight can be 
drawn from those results. Although the pedicle angle (Table ‎2-4) did not influence 
the results, facet geometry and bone structural properties may be the driving 
factors for IPW (Figure ‎4-3). Firstly, CSA of the pedicles increases in the caudal 
direction (Figure ‎1-4); if the structural properties are assumed constant across 
levels, then the strength and stiffness of the pedicle increases caudally too. In 
addition, the geometry of the facet joints significantly changes across levels and 
that may be crucial; given that it is also the main determinant of spinal kinematics 
(see ‎1.1.3). The flatness of the thoracic facets may be the reason of the highest 
IPWmax and lowest residual IPW. In fact, thoracic facets do not restrain lateral 
translations; whilst their pedicles should have a lower stiffness (lower CSA). Hence, 
the combination of the two factors may have induced higher dynamic splaying. On 
the other hand, as pedicles become stiffer caudally, the interlocking lumbar facets 
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may be more efficient in counteracting IPW. Lumbar facets are almost vertical, but 
their orientation on the transverse plane increases caudally (the angle between 
them becomes less acute). Whilst that may help reducing IPWmax, it may be 
detrimental for the recoil of the pedicle instead. Given the lower constraints, 
thoracic pedicles may be more prone to recoil. Conversely, in the lumbar spine, the 
downward displacement of the articular processes forced them to actually wedge 
into each other, preventing the recoil, Whilst the extent of the wedging increases 
caudally because of the facet angle, additional tensile forces would be required to 
facilitate the pedicle recoil, hence the caudally increasing IPW trend shown by 
Caffaro et al., [23]. 
 
Figure ‎4-3: Schematic of the facet joint biomechanics at impact in the thoracic 
and lumbar spine. 
Measures of SCO partially agree with the clinical literature (Table ‎4-2). In this 
study, the highest SCO was measured at the thoracolumbar junction; whereas in 
vivo there is an overall increasing trend in the caudal direction. However, in 
agreement with clinical results, SCO measured in the lumbar region was higher 
than that in the thoracic one. The differences with the clinical literature are likely to 
be due to the fact that any in vitro simulation is always to be taken as a gross 
approximation of the in vivo setting, which is almost impossible to accurately 
replicate. However, it is worth noting that SCO at the thoracolumbar junction was 
extremely similar to what measured clinically, hence showing that a good 
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approximation was achieved for this case. In addition, the thoracolumbar junction 
represents the most relevant case study as it is the most prevalent site of burst 
fractures (‎1.2.5).  
Table ‎4-2: Comparison between this study and clinical literature for SCO and IPW. 
Spinal region SCO (%) IPW (%) 
 This study† Mumford et al. [31] This study‡ Caffaro et al. [23] 
Thoracic 
7.6 29.7 ± 7.8 4.7 25.4 ± 20.0 
(-0.7 – 41.2) – (1.9 – 8.1) – 
Thoracolumbar 
35.3 38.1 ± 12.4 6.4 35.8 ± 19.1 
(18.0 – 51.5) – (-1.1 – 8.1) – 
Lumbar 
15.5 40.8 ± 14.9 0.7 46.4 ± 20.3 
(-9.0 – 30.7) – (0.1 – 5.5) – 
† median and range of SCOCT; ‡ median and range of IPWCT. 
 
SCOCT was associated with impact energy (Figure ‎3-13) and its median value 
was 175 % higher in the HE group than in the LE one (Figure ‎3-11). The 
susceptibility of SCO to impact energy (hence strain rate) suggests that there was a 
viscoelastic component involved in the failure of the posterior wall. This agrees 
with previous results from the literature. Both Stemper et al. [188] and Ochia et al. 
[187] have measured significantly higher ultimate force and stiffness at higher 
strain rates, hence proving the viscoelastic behaviour of the whole vertebral body. 
In addition, the damage induced at high strain rate to the trabecular structure may 
be aggravated by the significant increase in intra-vertebral pressure caused by the 
restricted flow of the marrow [185]. 
IPW was not influenced by impact energy, and no difference was found 
between groups. Although not significant, IPWmax from HE group appeared more 
scattered than that from LE group (Figure ‎3-8). Such variability may be because 
higher impact energy emphasised the dynamics of the loading conditions. Given 
the overall independence from strain rate and the higher fraction of cortical bone, 
the behaviour of the pedicles may be grossly approximated as linear elastic, as 
opposed to the vertebral body. In line with the considerations made above, IPW 
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appeared to be mainly driven by the geometrical interaction between the articular 
surfaces of the facets alongside mechanical properties of the bone. 
Results from this study added further insight to the literature about the 
mechanics of the fracture. IPW may be the initiator of the fracture, driven by the 
wedging effect of the cranially adjacent facets [267]. In addition, comminution of 
the vertebral body originates by the axial compression at the endplate, which 
results in the burst and comminution of the vertebral body [187]. Both, Mumford 
et al. [31], and Caffaro et al. [23] have found a moderate correlation in vivo 
between SCO and IPW. However, in this study no correlation was seen between 
both IPWmax and IPWres, and SCOCT. Although it was not possible to provide a 
detailed association between SCO and IPW; the biomechanics of the two 
phenomena are definitively linked. In addition to that suggested by engineering 
studies, anatomical factors also indicate that the root of the pedicles may be a 
critical area for the retropulsion of the fragment within the canal. There is indeed 
an abrupt thinning of the cortical shell at the internal root of the pedicle, which is 
not adequately reinforced by trabecular bone, and this exactly the area where the 
fragment typically breaks off [268]. In addition, the cortical shell of the vertebral 
body has been considered to have inferior properties compared to the thicker 
cortical bone which the pedicles are made of [246]. Therefore, the root of the 
pedicles may not be able to effectively withstand impact loads, since it is a critical 
area of transition in structural properties. This supposition agrees with what 
suggested by in vitro [189, 191], and numerical studies [269], where loading at the 
facet joints has appeared to result in high stress/strain concentration at the root of 
the pedicles. High-speed filming of the sample has been used in other studies on 
long bones, to assess the evolution of the fracture over time [270]. Performing 
additional filming may have provided valuable insight to this study too However, 
such method could not be implemented because the actual spinal surface could 
not be imaged, as samples were kept wrapped in moist tissues (to ensure hydration 
of the soft tissue and contain any ejection of biological material).  
Compared to CT scanning, plain radiography is substantially more cost-
effective, whilst requiring lower radiation dosage to the patient. On the other hand, 
it cannot provide the same 3D accuracy, and clinical studies have shown that SCO 
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cannot be accurately measured from plain radiographs as much as IPW [104, 271]. 
This study also showed that SCOclin had a ±20 % agreement with that measured by 
SCOCT. Hence, even clinical CT-based measures need improvement, because they 
are based on a simplistic estimation of the pre-fracture conditions. IPW can be 
reliably measured on plain radiographies because of the distinctive shape of the 
pedicles (from a posterior view) [104, 271], without measures being significantly 
affected if performed with the patient prone or supine [265]. Martijn et al. [272] 
has shown that significant IPW detected on plain radiographs is always associated 
with LF, pedicle fracture or injury to the vertebral body. Thus, IPW is an indicator of 
fracture severity as well as risk of neurological injury (‎1.2.5.2), and it could be used 
as an initial and cost-effective decisional tool for trauma. In fact, plain radiography 
can be more conveniently performed at presentation of the patient; before 
deciding to undertake a CT scan. In addition, IPW may directly relate to facet joint 
instability induced by the trauma. Loss of the mechanical function of the 
ligamentous capsule can happen without signs of gross rupture, since the actual 
tissue injury has been identified to happen at approximatively 50 % of the 
displacement required to induce its mechanical failure [273]. Therefore, the 
dynamics of IPW may also provide indications to retrospectively investigate facet 
failure. IPWmax was overall beyond that functional failure limit, since there were 
signs of gross rupture of the facet capsule in several samples. Further research may 
help identifying a tolerance limit for the functional integrity of the facet capsule. 
Results from this study may help extrapolate some data about the fracture onset 
since a moderate correlation was found between IPWmax and IPWres (rs=0.58, 
p=0.088), and that could be used to develop applications for the aforementioned 
issues. 
Finally, understanding the biomechanics of IPW is paramount also for the 
outcome of the treatment. In fact, in the case series by Mumford et al. [31], the 
authors have supposed that the severity of IPW negatively affected the outcome of 
spinal canal remodelling. 
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4.2.2 Considerations on dural tears and laminar fractures 
The occurrence of LFs in this study was in agreement with what seen 
clinically. Mumford et al. [31] have reported an incidence of 59 % in patients with 
limited or no neurological deficit, whilst in this study LFs were detected on 58 % of 
the specimen. 
Hashimoto et al. [122] have suggested that injuries of the posterior elements 
may be indicative of more complex and severe loading conditions at the time of the 
fracture, which may cause more acute neurological injuries. Results from this study 
agree with this assumption, since five out of seven LFs were detected on specimens 
which underwent higher impact energy (HE group).  
Results were overall in agreement with what found clinically, where LFs are 
associated with higher SCO and IPW (Table ‎4-3). However, as discussed above, in 
vitro results were found to be lower than what shown in vivo. SCOCT was 
significantly higher in presence of LF, whilst no statistical difference was found for 
IPWCT, despite a qualitative trend could be identified (Figure ‎3-10). 
Table ‎4-3: Comparison between results from this study and clinical literature for 
SCO and IPW in presence of LF. 
Laminar SCO (%) IPW (%) 
fracture This study† Tisot et al. [127] This study‡ Caffaro et al. [23] 
Present 
34.1 47 ± 18 4.7 25 ± 16 
(9.7 – 51.5) – (-1.1 – 8.1) – 
Absent 
5.4 28 ± 14 1.9 13 ± 8 
(-9.0 – 30.7) – (0.1 – 8.1) – 
† median and range of SCOCT; ‡ median and range of IPWCT. 
 
Dural tears and neurological element entrapment have been found to be 
associated with higher IPW (‎1.2.5.2) and wider LFs (‎1.2.5.3). Following their clinical 
retrospective study, Cammisa et al. [123] have theorised that the laceration of the 
dura mater is linked to the dynamics of IPW, posterior wall deformation and LF; 
this study provided further insight to support their conjectures. Figure ‎4-2 and 
Figure ‎4-4 depict the evolution of the fracture onset over time, highlighting the 
most significant phases which may lead to the injury. This study confirmed that, at 
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the impact, the pedicles splay to a maximum critical value (IPWmax). Therefore, 
excessive IPW may be the driving cause of LF; since the lamina (mainly made of 
cortical bone) may not be compliant enough to keep up with the splaying forces at 
the pedicles. In fact, IPWmax was 106 % higher in presence of an LF than in its 
absence. Although not statistically significant, such trend can be clearly seen in 
Figure ‎3-10. Further increase of IPW would then increase the width of the LF too. 
The concurrent posterior wall deformation would then force the spinal cord 
posteriorly and part of it may protrude through the edges of the LF. As mentioned 
above, in accordance with Vaccaro et al. [20], this may also be the phase of the 
fracture where the canal assumes the most critical shape for the origination of 
neurological injury. The risk of laceration is not limited to the fact that the dura 
mater is confined within the sharp edges of the fracture. In fact, when the pedicles 
are recoiled, the edges of the fracture may narrow and bring the LF width to its 
resting value (measured at presentation). Therefore, the dynamic widening and 
narrowing of the LF would sever the dura mater, with consequent leakage of 
cerebrospinal fluid. 
It may be interesting to note that only in one sample (L3-L4-L5 segment) 
fragment retropulsion was not present in conjunction with LF (Table ‎3-2). Although 
IPW may be the driving factor for both events, failure of the posterior wall 
appeared to be linked also to the viscoelastic properties of the vertebral body 
(‎4.2.1). In addition, the lamina of L4 is generally thicker than at more cranial levels. 
Therefore, whilst the viscoelastic events were sufficient to fracture the posterior 
wall, the IPW alone did not exceed the critical value which resulted in the breakage 
of the cortex of the lamina. 
Dural tears can be reliably diagnosed with MRI or myelography, which have 
the disadvantage of being time-consuming and expensive. However, as suggested 
by Park et al. [22], prediction through IPW from plain radiographs could provide an 
effective alternative, and results from this study may help developing such 
decisional tools. 
  
- 162 - 
 
Figure ‎4-4: Evolution of laminar fracture throughout the fracture onset. a: Top 
view of the intact vertebra. b: At the impact, the shape of the vertebral foramen 
changes and the spinal cord is pushed through the edges of the laminar fracture. 
c: When the pedicles and fragment are recoiled, the dura mater lacerates within 
the laminar fracture with consequent leakage of cerebrospinal fluid. 
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4.2.3 Functional anatomy of the vertebral body and fracture 
The methods developed in this study enabled a 3D assessment of endplate 
curvature as well as vertebral body deformity and height. The Cobb angle was 
measured from the endplates of the fractured vertebra, which has been shown to 
be less accurate than that measured on the adjacent vertebrae [103, 106]. 
However, the latter measurement was not taken since the adjacent vertebrae were 
free to move and their position would not have been representative of the actual 
spinal alignment. A similar error may have affected the post-fracture 
measurements, since the vertebral body was comminuted and motion of the 
adjacent vertebrae may have erroneously distracted the fracture. Qualitative 
assessment of the data suggested that the measures of curvature and height were 
more robust and less affected by the distraction of the fracture than the kyphotic 
angle. Jones et al. [196] have quantified in vitro the kyphosis of T10 – L4 segments 
pre- and post-fracture, which was -6.9° and 7.5°; whilst in this study was 0.4° and 
3.4°, respectively. However, they took the measurements based on the inclination 
of the adjacent vertebrae, whilst the sample underwent a 600 N compressive 
preload, and induced the fracture with 15° flexion. The differences in the 
experimental conditions are likely to be the cause of disagreement in the results. 
Measures of height and kyphotic angle at the intact state were in line with the 
trends shown in the literature (Table ‎4-4), although results from this study were 
always greater than those provided by Panjabi et al. [58, 59]. In this case, 
disagreement is to be imputed to the different approaches used for the 
measurement. In this study, the height was taken as the median distance between 
the markers describing the endplate surface, whilst Panjabi et al. substantially 
measured the distance between the endplate posterior rims (i.e. the highest region 
of the vertebral body). On the other hand, the endplate inclination was calculated 
using the same principle (i.e. fitting a plane through a cloud of markers); although 
Panjabi et al. included the posterior aspects of the endplate, whilst in this study 
they were excluded. As advised by Kenyan et al. [103], including the posterior 
region results in an overestimation of spinal kyphosis, as confirmed by the 
presented data. This is particularly evident in L4, where the method developed was 
able to show the lordosis of the area (negative angle), whilst the method 
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developed by Panjabi et al. could not. The curvature radius of the cranial endplates 
was higher than the caudal ones at all the levels, in agreement with Lakshmanan et 
al. [274], which have reported that cranial endplates are overall flatter than caudal.  
Table ‎4-4: Anatomical properties by level measured in this study and the 
literature. 
Level Vertebral body height (mm) Kyphotic angle (°) 
 This study† Panjabi et al. [58, 59] This study† Panjabi et al. [58, 59] 
T10 
22.1 20.2 0.5 3.8 
(19.6 – 23.3) – (-1.6 – 3.0) – 
L1 
26.8 23.8 ± 1.0 3.4 6.7 
(24.1 – 28.2) – (2.8 – 6.8) – 
L4 
27.3 24.1 ± 1.1 -8.1 7.4 
(25.4 – 27.6) – (-9.8 – -7.8) – 
† median and range. 
 
The occurrence of a burst fracture induced significant anatomical changes: 
the vertebral body height decreased by 25 %, whilst the endplate convexity 
increased by 55 %. In addition, both parameters were significantly correlated with 
impact energy (Figure ‎3-27); in agreement with Wang et al. [275], who have shown 
an increase of the load-sharing score with impact energy. In addition, vertebral 
body compression was correlated with SCO, and it is plausible to assume that 
higher compression resulted in higher displacement of the bony fragments, hence 
higher SCO. Higher energy seemed to induce less variation in the kyphotic angle, 
probably because more compression of the vertebral body resulted in more 
parallel endplates. 
The measurement of endplate curvature was considered the most clinically 
relevant, since it has been shown that failure of the endplate is one of the 
determinant of post-traumatic disc degeneration, caused by a disruption in the 
nutrient pathway to the disc [65, 120, 177]. Therefore, a significant increase in 
convexity meant higher endplate depression and thus damage. However, the 
variation in endplate curvature was not related to the correspondent fracture type, 
which meant that conventional fracture grading (i.e. Magerl et al. [18]) was not 
able to detect such a relevant aspect of the injury. The correlation between impact 
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energy and increase in endplate convexity may be related to the viscoelasticity of 
the nucleus pulposus. Due to the high water content, the nucleus is generally 
approximated as a homogenous incompressible fluid [276]. Under this assumption, 
the higher the strain rate, the more the nucleus behaves like a solid. In addition, 
the region of the endplate underlying the nucleus is mechanically weaker [247], 
and has shown higher deflection than the annulus region at failure under quasi-
static loading [277]. Hence, higher impact energy would put the nucleus in the 
condition to cause more damage, as seen in this study. However, it is yet not clear 
whether the burst of the vertebral body is driven by the failure of the endplate, due 
to intrusion of the nucleus pulposus. In fact, at high strain rate the endplate 
appears to be as strong as the vertebral body [187]. The susceptibility of endplate 
damage to impact energy may be also related to a viscoelastic embrittlement of 
the endplate as well as a concurrent collapse of the underlying trabecular structure 
caused by bone marrow flow. Such considerations are also in agreement and 
extend what was discussed above about the dynamics of the vertebral body failure.  
The cranial endplates were subjected to greater damage than the caudal ones 
since their convexity increased more than at the opposite side (Figure ‎3-28). This 
study added further insight to what reported in the literature. Macro-indentation 
carried out by Grant et al. [247] has shown that caudal endplates are about 40 % 
stronger than the cranial ones, whilst other works have found that cranial 
endplates are more likely to fail because they are thinner, with lower BMD and 
supported by poorer trabecular structure [278, 279]. Hence, the cranial region of 
the vertebral body is less resilient and more vulnerable to impact loading. In 
combination with IPW, this may be an additional determinant for fragment 
retropulsion. In fact, the superior portion of the fragment always included part of 
the posterior region of the cranial endplate. However, it is most likely that several 
complex phenomena are involved, which can be further influenced by a multitude 
of parameters (e.g. disc/bone quality, loading distribution, anatomy).  
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4.3 Biomechanics of spinal fixation 
This section reviews the experiments carried out to investigate the 
biomechanics of surgical intervention to treat burst fractures. Therefore, fatigue 
testing represented the natural conclusion of the fracture pathway, as it simulates 
the early post-operative period. As previously discussed, lack of anterior support is 
deemed to be responsible for the inconsistent outcomes of SSPI (‎1.3.1) [33, 150]. 
Therefore, the ultimate aim of this phase of the study was to provide further 
insight into the performance of SSPI – KP and better understand how it can actually 
aid in improving SSPI. 
4.3.1 Surgical treatment 
The 12 samples that previously underwent fracture creation were divided into 
two groups, and treated with SSPI and SSPI – KP, respectively. Exploiting the same 
specimens allowed a more relevant simulation since the same vertebra underwent 
fracture and then treatment, hence enabling the use of paired statistics. In 
addition, no additional samples had to be harvested, which was also ethically 
correct given the restricted availability of human cadaveric tissue.  
Firstly, all the samples underwent SSPI. The size of each pedicle screw was 
decided based on assessment from CT scans. The candidate believes that all the 
screws were overall 5 mm shorter than their ideal size. However, it was considered 
an acceptable error, since about 60 % of the pull-out strength and 80 % of the 
longitudinal stiffness depends on the screw purchase within the pedicle and an 80 
% penetration within the vertebra has been supposed to be sufficient [134]. In 
addition, all pilot holes were tapped using the tool one size below the actual screw 
size, as undertapping by 1 mm has been advised [134]. The trajectory of the screws 
was mainly dictated by the pedicle anatomy to avoid breaching within the vertebral 
foramen, which was overall in line with guideline recommendations of a 30° 
trajectory convergence [134]. 
The main limitation of the experimental simulation was that the nut of the 
pedicle screws did not lock in place (as expected) when the rods were fastened. 
Since relative motion between screws was not restrained, the samples were 
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allowed a greater extent of AP displacement (i.e. shear) and axial rotation. The 
former was more prominent, because of the combination of axial compression and 
unconstrained translation allowed by the linear bearings. On the other hand, the 
lack of construct rigidity may also be considered representative of a worst case 
scenario. In fact, the loading conditions were more similar to that of an unstable 
construct, hence emphasising the load bearing requirements of the fractured 
vertebra. In fact, the aim of the experiment was not to investigate the mechanical 
properties of the fixation device, but the biomechanics of the treated construct. 
Therefore, the issue encountered with polyaxial screws was not considered 
impairing for the relevance of the study.  
Following SSPI, the neural arch of the central vertebra was excised in all the 
specimens by cutting through the pedicles. Such procedure has been shown not to 
change the surface strain distribution on the vertebral body (except for the root of 
the pedicles) [189]. However, Deviren et al. [280] performed LSPI with resection of 
the neural arch (used as treatment for flat-back deformity) and found a decrease in 
spinal stability and fatigue life of the fixators. Lubelski et al. [281] have shown that 
laminectomy followed by unilateral facetectomy does not significantly affect 
thoracic spine stability, when combined with SSPI. However, the authors kept the 
rib cage intact. In this study, there was no ribcage and the excision of the neural 
arch could be considered equivalent as a bilateral facetectomy. Therefore, it is 
plausible to assume that the procedure induced an additional degree of instability, 
hence making the loading conditions more demanding. In fact, removal of posterior 
elements has been shown to significantly increase the moments acting on the 
fixators by 30 % [213]. The neural arch was excised for two main reasons. Firstly, it 
allowed the creation of an adequate access window for the LVDT tip, to measure 
the dynamic displacement of the posterior wall. This measure was considered of 
particular interest since it has been carried out only in quasi-static loading 
conditions [200, 282], but never throughout the whole fatigue test. Secondly, to 
remove any load transfer at the facet joints and force load sharing only between 
the fixators and the vertebral body. In addition, some degree of pedicle fracture 
and disruption of the facet capsules was detected in all the samples. Therefore, 
excision of the neural arch increased repeatability and control of the loading 
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conditions, since each pedicle had different residual load bearing capability (i.e. 
erratic load transfer paths).  
In the SSPI – KP group, fixation was performed before KP to make sure the 
segment was stable between the deflation of IBT and injection of the cement, thus 
reducing the risk of loss of achieved reduction or migration of bony fragments. 
However, there seems to be no difference in the clinical outcome whether SSPI or 
KP is performed first [38]. Nonetheless, Verlaan et al. [39] have advised to perform 
ligamentotaxis first to obtain an initial realignment of the cortical fragments, hence 
facilitating IBT inflation and segregation of the cement bolus during the injection. In 
fact, cement leakage seems to be less likely when KP is performed subsequently to 
the implant of SSPI [173]. The maximum inflation pressure of the IBT ranged 51 – 
160 psi (excluding the case when the IBT failed at 350 psi), which is in line with 
both in vivo (range 150 – 200 psi [182]) and in vitro (range 50 – 200 psi [199]) 
measurements. The final inflation volume of the IBT in this study ranged 8.0 – 11.5 
ml, similarly to the in vitro work of Verlaan et al. [200], who have reached 7.2 ± 1.3 
ml and 13.6 ± 2.6 ml at the thoracic and lumbar level, respectively. In this study the 
inflation volume was set at 20 % of VB volume to ensure consistency of procedure, 
despite the degree of reduction achieved. Higher inflation volumes could not be 
reached, because limited by the size of the IBT available.  
In this study, the median cement volume was 8.6 ml,in agreement with pain 
relief guidelines (‎1.3.2) and previous clinical studies (Table ‎4-5). However, cement 
leakage was detected in 67 % of cases, whilst clinical data report leakage in 7 – 9 % 
of cases of KP (KP has a significantly lower incidence of leakage than VP) [38, 283, 
284]. The higher occurrence of leakage found in this study was probably caused by 
the lack of para-spinal tissue, whose pressure would have probably helped 
containing any extravasation from the vertebral body. However, it is worth noting 
that cement never leaked within the spinal canal, therefore the primary safety 
requirement for augmentation was satisfied [285]. 
It is interesting to note that many clinical studies do not routinely follow 
general guidelines. Surgical intervention has been advised for vertebral 
compression and kyphosis higher than 50 % and 20°, respectively (‎1.3). However, 
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SSPI and SSPI – KP have been usually undertaken at lower level of deformity 
(Table ‎4-5). Such lack of consensus within the clinical community strengthens the 
need for biomechanical investigations, to aid clinicians to better understand how 
the treatments perform and how to get the best out of them.  
4.3.1.1 Restoration of vertebral anatomy 
Surgical treatments aim to provide mechanical stability and correction of the 
deformity induced by the fracture. Insufficient anatomical restoration influences 
the load transmission and biomechanics of the spine [286], hence triggering a chain 
of events that can lead to implant failure (‎1.3.1). In addition, restoration of the 
endplate biomechanics is paramount for both the biological and mechanical 
outcome. The endplate is responsible for load transfer through the vertebral body 
[267], and recovering its integrity, in combination with that of the cartilaginous 
layer, has been suggested to prevent post-traumatic disc degeneration [65, 177]. 
Vertebral body height was increased by 12 % with respect to post-fracture 
conditions after SSPI, whilst SSPI – KP provided a 14 % increase. However, the 
slightly higher restoration achieved through additional KP was found not to be 
significant. Therefore, alignment and fastening of the rods in place provided the 
majority of fracture reduction. However, height could not be fully recovered and 
samples (results pooled together) exhibited a residual 15 % compression. It must 
be noted that such residual compression is in agreement with what seen clinically 
(Table ‎4-5). The marginally better results achieved in vivo are likely to be due to 
ligamentotaxis performed by the surgeon, which was not carried out in this study, 
because it would have induced an additional degree of user-dependent variability. 
In addition, clinical ligamentotaxis is surely more effective than what can be done 
in vitro, since it can benefit from the contribution of the whole spine and muscles, 
with the reduction forces acting on the whole torso. All these components are 
absent in vitro, especially when three-adjacent-vertebrae segments are treated. 
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Table ‎4-5: Comparison between this study and clinical case series. Compression is 
reported with respect to the intact state. 
 VB compression (%) Kyphosis (°) CV (ml) 
 Pre Post FU Pre Post FU  
This study 25 15 15 0.4 -3 -5 8.6† 
Bironneau et al. [179] 31 10 14 15 5 6 7.6‡ 
Fluentes et al. [181] 35 11 14 14 3 5 6.4‡ 
Korovessis et al. [182] 34 8 – 12 -2 – 3.0-6.0† 
Verlaan et al. [39] 34 12 – 11 -2 – –† 
VB compression: percent loss of VB height with respect to intact conditions; Pre: 
pre-surgery; Post: post-surgery; FU: follow-up (compared to post-fatigue testing in 
this study); CV: cement volume; †: CaP cement; ‡: results from PMMA and CaP 
cement pooled together. 
 
Verlaan et al. [176] measured in vitro the height of the vertebral body at 
consecutive stages of SSPI – KP obtaining similar trends to this study in absolute 
terms (Table ‎4-6). However, it must be noted that the authors carried out 
measurements on the same specimens, whilst in this study two separate groups 
were compared, and this is probably why it was not possible to find a significant 
difference in the post-treatment height. In terms of percent variations, Verlaan et 
al. have found that fracture reduction achieved a residual 11 % compression, which 
was brought down to 9 % after KP, whilst in this study it was 19 % and 13 %, 
respectively for the two groups. Therefore, in both cases, additional KP provided a 
marginal improvement, although it may seem that Verlaan et al. have achieved 
greater height recovery. The disagreement in the results is probably an artifact of 
the measurement method, since the authors of [176] measured vertebral height as 
the distance between the two most depressed points on the endplates from a 
sagittal view. Conversely, the method developed in this study was based on the 
median of the minimum distance between two sets of markers describing the 
whole endplate surface. Such approach was considered more efficient because it 
accounted for a complex set of multiple distances taken from two opposite 
surfaces, instead of just two extreme points. 
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Table ‎4-6: Comparison between in vitro measures of vertebral body height (mm) 
at consecutive stages of SSPI – KP. 
  Experimental stages 
  Intact Fracture SSPI SSPI – KP 
This study 
Median 25.7 18.5 20.8 22.6 
p-value – <0.001† 0.031 0.87‡ 
Verlaan et al. [176] 
Mean 19.5 14.6 17.3 17.8 
p-value – <0.001 <0.05 <0.05 
† Data pooled together; ‡ Comparison between groups. 
 
3D analysis with respect to post-fracture conditions showed that SSPI – KP 
was able to significantly restore the endplate curvature better than SSPI alone. In 
fact, SSPI resulted in an increase in convexity by 8 %, hence worsening the endplate 
shape, whilst a 22 % improvement was seen in SSPI – KP (Table ‎3-10). In terms of 
percent variation between post-treatment and intact stage, the contribution of KP 
over SSPI could not be detected statistically, because the morphological changes 
caused by the fracture overshadowed those of the treatment.  
Results from this study are partially in disagreement with the work of Verlaan 
et al. [176]. Although the authors have shown that KP improves endplate 
reduction, they have found that the majority of endplate depression was recovered 
during ligamentotaxis, whilst in this study SSPI actually worsened the curvature of 
the endplates. In Verlaan et al. [176], inflation of IBT recovered endplate 
depression further; however, restoration was almost completely lost at deflation 
and only partially recovered at the cement injection. However, it must be noted 
that Verlaan et al. interpreted endplate reduction from 2D measures of height and 
area of the vertebral and intervertebral space. Conversely, in this study the 
endplate shape was quantified using a 3D approach, which returned the radius of 
curvature of each endplate. Such methodology was considered superior to that of 
Verlaan et al., because it allowed a more pragmatic and user-independent 
investigation. 
Oner et al. [287], as well as Tzermiadianos et al. [166], have postulated that 
ligamentotaxis only provides reduction of the periphery of the endplate, by 
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tensioning the annulus fibrosus, without acting on the depression of the region 
underlying the nucleus. This concept agrees with the results from this study, as 
lifting only the outer boundary of the endplate would induce an increase in its 
convexity. The same authors then advocated that additional KP would be able to 
lift the central region of the endplate providing the additional reduction required, 
hence flattening the fractured endplate, as seen in this study (‎3.4). 
Although the endplate morphology was not restored to its original conditions, 
the significant improvement provided by KP may be sufficient to prevent/recover 
herniation of the nucleus within the vertebral body, which has been addressed as a 
precursor of recurrent kyphosis [118]. Conversely, SSPI alone may increase the risk 
of nucleus herniation because of the resulting increase in endplate convexity, 
hence pushing the nucleus further towards the core of the vertebral body.  
Achieving consistent reduction is challenging and outcomes difficult to 
predict, since it appeared that height restoration was not associated with that of 
endplate morphology. Hence, although ligamentotaxis may provide substantial 
height restoration, KP proved to be necessary to safely reduce the endplates. As 
advocated in the literature, positioning of the IBT under the most depressed region 
of the endplate is paramount for successful reduction [199]. Therefore, more 
consistent procedures and instruments, implementing also rigorous imaging 
guidance, may be able to aid KP achieve more substantial reduction, aiming at 
complete height and endplate shape restoration.  
4.3.2 Fatigue performance of surgical treatment 
Following surgical intervention, the samples underwent fatigue loading to 
simulate post-operative conditions. As mentioned above, the ultimate aim of the 
experimental protocol was not to test the fixators to failure. On the contrary, the 
experiment was designed to simulate in vivo conditions, where the spine and 
implants undergo physiological loading. Hence, the objective was to investigate the 
biomechanics of the treated spine as a whole construct and better understand the 
effects of the surgical intervention. 
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The long-term outcome of the treatment is strictly linked to the healing and 
bone remodelling process, which starts within weeks of the operation. SCO has 
been shown to start decreasing significantly after 3 – 4 weeks, whilst fracture 
usually achieves bone union in 6 – 8 months [182]. Due to the reduced invasiveness 
of the procedure, the time from surgery to walking is approximatively 13 hours, 
hence encouraging mobilisation and early recovery of the patient [173]. However, 
most of the adjacent fractures occur within 2 months following KP [288], and case 
series of SSPI – KP (with PMMA cement) have shown a ~3° loss of correction 
occurring within the first three months, without any sign of subsequent recovery 
[289]. Therefore, the early weeks after surgery are critical for the long-term 
outcome of the treatment, which is indeed the condition replicated in this study. 
The lack of any simulation of bone union/remodelling was not considered a 
substantial limitation, since its contribution to load bearing in vivo was supposed to 
become effective only at a later stage. Bone remodelling around the CaP cement 
bolus has been shown to start within the first post-operative year, and radiolucent 
areas (presence of fibrous tissue is associated with remodelling activity) have been 
found at 17 months [160]. Therefore, it was plausible to assume that within the 
first 2 – 3 post-operative months, CaP cement does not effectively influence bone 
remodelling and its contribution is solely that of its mechanical properties. 
All the samples reached run-out at 70000 cycles; based on previous works 
such number of cycles was considered approximatively representative of the first 
two post-operative months. In fact, Wilke et al. [203] applied 100000 cycles of axial 
compression (amplitude 100 – 600 N) to simulate about six weeks of walking in a 
young patient (equivalent to about three months in an elderly one) and concluded 
that CaP KP can suffice vertebral strength over that time. Alternatively, Deviren et 
al. [280] imposed 35000 bending cycles to replicate three post-operative months. 
However, in their study each cycle comprised -6 – 8 Nm flexion/extension 
combined with a 400 N compression, which resulted in an substantial bending of 
the fixator rods. 
In this study, the loading profile was defined as a cyclic axial compression 
where the mean value and amplitude of the sine waveform were tuned for each 
sample as a function of the body weight of the donor and spinal level. The rationale 
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was chosen to normalise for inter-specimen variation and, overall, the maximum 
applied load ranged 177 – 410 N, in line with what measured in vivo through 
telemeterized implants [79]. The design of the loading profile was obviously a 
simplistic representation of the actual loads which the spine undergoes daily. 
However, imposing only cyclic axial compression allowed more repeatable and 
controlled experimental conditions, enabling the investigation of a complex 
biomechanical system through a cause-effect approach and decoupling each 
contribution.  
Samples were kept wrapped in wet tissue throughout the experiment, since 
moisture has been shown to minimise the changes in ROM due to exposure of the 
tissue [222]. However, the candidate is aware that results may have been biased by 
lack of further hydration (particularly to the disc). Although Oakland et al. [204] 
imposed axial cyclic loading for about 32 hours in similar conditions, in this study 
the total test time was limited to about 19 hours to minimise the effects of tissue 
degradation. Alternatively, the testing assembly could have been integrated with a 
temperature regulated bath, hence keeping the sample submerged throughout the 
experiment, as in Huber et al. [224]. Such design was not implemented because it 
would have precluded measuring the displacement of the anterior and posterior 
wall. 
Extraction torque In vivo has been reported to be 0.029 ± 0.036 Nm [137], but 
can vary significantly (range 0.005 – 6 Nm [138]). Therefore, a threshold limit of 0.4 
Nm was applied for consistency, based on previous published works [138, 244], and 
17 % of the implanted screws resulted loose. This is higher than what has been 
reported in the clinical literature, where screw loosening happens in about 2.3 % of 
cases whilst breakage has been reported in 6.7 % [290]. However, none of the 
screws broke in this study. 
4.3.2.1 Structural properties of the treated spine 
The developed software application enabled calculating relevant mechanical 
parameters for each cycle throughout the whole test, hence aiding understanding 
of how the structural properties of the construct evolved over time.  
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Results from the literature report that the axial stiffness of a spinal segment 
ranges about 378 – 649 N/mm in intact conditions [165, 191], and 502 – 557 N/mm 
following PMMA VP [165, 167], whilst in this study the median initial stiffness was 
379 N/mm in the SSPI group and 497 N/mm in SSPI – KP (Figure ‎3-21). Stiffness 
calculated at the beginning of the test was representative of post-treatment 
conditions and showed that both groups exhibited values close to those reported 
for both intact and VP treated conditions. Although not significantly different, the 
stiffness in SSPI – KP was 31 % higher than SSPI, which is in agreement with the 
kinematic study of Mermelstein et al. [216], who showed that KP significantly 
increased the bending stiffness of the SSPI construct by 37 %. Likewise, Hartensuer 
et al. [210] have investigated in vitro SSPI in combination with PMMA VP and 
showed that augmentation significantly improved anterior support by restoring 
bending stiffness to its intact value, although it did not further reduce the ROM 
when compared to SSPI alone. In this study, axial stiffness was an indicator of 
stability of the segment, since it was correlated with axial displacement. Stiffer 
samples exhibited less compression and narrower peak to peak oscillations (tests 
were performed in load control, hence axial displacement was a dependent 
output). Axial compression was also correlated to height restoration, meaning that 
the specimens whose height was increased more with the treatment (with respect 
to fractured conditions) lost more correction over time. Greater height restoration 
may have been possible in fractures where the fragments were looser, hence easier 
to displace. Cyclic loading would then compact the fragment resulting in an 
increased axial compression (i.e. decrease in stability) over time. However, such 
association was seen only in the SSPI group, hence suggesting that additional KP 
helped preventing loss of correction. Cement may have stabilised the fracture by 
buttressing the fragments and holding them together, hence preventing their 
progressive compaction and better supporting the anterior column. These 
conjectures agree with the findings of Mermelstein et al. [216], who have shown 
that the anterior stabilisation provided by KP reduces the bending moments on the 
pedicle screws by 59 % with respect to SSPI alone. 
Hansson et al. [291] have shown that, in fatigue loading conditions, stiffness 
of the spine increases over the first cycles until an equilibrium is reached. A sudden 
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drop in stiffness was considered indicative of failure and was imputed to damage of 
the trabecular structure. Similarly, stiffness of PMMA VP treated segments 
increased concurrently to loss of segmental height as cyclic loading progressed 
[204]. However, this behaviour was probably related to the nature of the treatment 
itself. As damage accumulation in the vertebra increased; the PMMA bolus took on 
an increasing quota of load, dictating the load bearing and increasing the apparent 
stiffness of the spinal segment. No drop was detected in the curves from this study 
(Figure ‎3-20), however the stiffness decreased steadily over time by 15 % and, 
although it remained 37 % higher in SSPI – KP than SSPI (calculated at end of test), 
no statistical difference was found between groups. The observed loss in stiffness 
may have been caused by several phenomena. In this experiment the trabecular 
structure was already severely compromised and cumulative load may have 
aggravated it, preventing from reaching the plateau seen in the literature [291]. In 
addition, CaP cement has lower mechanical properties than PMMA [157], therefore 
it may not be able to dominate the behaviour of the whole sample, as it probably 
happened in the study of Oakland et al., [204]. 
Compaction of the fracture would typically suggest a progressive increase in 
stiffness (fragments get closer to each other and tighter), however results 
suggested otherwise. Cyclic loading have resulted in an increase of the fragment 
looseness, as shown by the measurements of displacement on the vertebral 
surface (‎4.3.2.3); hence decreasing the load bearing capability and stiffness. In 
addition, axial compression increased over time, probably due to fragment 
displacement and creep of the segment. Huber et al. [224] have measured over 
two mm height loss over 20 hours of cyclic loading. However, creep effect in this 
study was inferior because lower loads were applied, and SSPI provided an elastic 
structure in parallel to the discs. 
Fatigue loading did not induce any significant loss of correction in terms of 
vertebral body compression, conversely to what has been reported in the clinical 
literature (Table ‎4-5). However, as mentioned above, clinical assessments referred 
to more severe initial conditions, which may have resulted in a higher risk for loss 
of correction over time. In addition, the follow-up in this study was simulated 
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through 19 hours of axial fatigue loading, whilst in vivo loading may be more 
complex. 
Although no difference was found statistically between the two groups, it 
appeared that SSPI – KP may be able to retain height better than SSPI alone. In fact, 
a peculiar association was found in SSPI between axial compression and height 
recovery (Figure ‎3-32). The more the height increased as a result of the treatment, 
the more the loss following fatigue loading. Results may thus be indicative of a lack 
of anterior support in SSPI, since such trend was not seen in SSPI – KP, probably 
because of the strengthening effect provided by the cement. 
Gross assessment of post-fatigue HR-pQCT datasets showed presence of 
cracks through the CaP cement bolus, especially at the boundary of the fragments; 
which is an area of high stress concentration as there is no interdigitation between 
cement and trabecular bone [292]. Likewise, Wilke et al. detected cracks in CaP 
cement, but not in PMMA, following fatigue loading of KP [203] (Figure ‎4-5). 
However, crack propagation can be found in PMMA cement as well, and it is a 
relevant cause of failure in cemented joint replacements [293]. In addition, Wang 
et al. [282] identified fissures at the bone-cement interface in PMMA VP, which 
they addressed as secondary fracture initiators. Therefore, the phenomenon 
should be investigated more in detail as it may influence stability, adjacent 
fractures as well as prevention of subsequent fragment migration, as reviewed 
below (‎4.3.2.3). 
 
Figure ‎4-5: Cracks in the cement bolus detected on post-fatigue HR-pQCT scans. 
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4.3.2.2 Strain on the fixator rods 
The strains on the rods were always positive throughout the test, meaning 
that the implants were always subjected to tensile stresses. Although the 
controlled loading component was axial compression, the linear bearing did not 
restrain motions in the other directions, resulting in a cyclic AP translation (usually 
shearing in anterior direction). Hence, relative translation of the cranial region with 
respect to the caudal one put the fixators in a constant tensile loading state. 
Similarly, in the work of Kettler et al. [214], SSPI on cadaveric segments exhibited 
tensile stresses when undergoing flexion. However, in vivo measurements in SSPI 
patients show otherwise, with compressive loads being measured in all motor tasks 
[79]. The AP translation seen in this study may be due to the lack of stabilisation 
provided by spinal muscles, whilst the looseness of the nuts emphasised it. 
Although this was a strong limitation, because it did not simulate accurately the in 
vivo conditions, it can be seen again as a worst case scenario, putting the spinal 
segment under more demanding conditions. 
Surface strains on the fixators are associated not only with the stresses on the 
implants [214], but they provided insight on the biomechanics of the whole 
construct. In particular, the initial peak strains were predictive of the final stiffness 
and spinal stability, as higher strains were associated with higher axial 
displacement. Peak strains in SSPI – KP were about 16 % lower than in SSPI and, 
although not statistically significant, this result further suggests that KP may aid 
load bearing on the anterior column. No difference was found when comparing the 
beginning and end of the test, hence showing that the quota of load taken by the 
implant remained overall constant. Therefore, the decrease in stiffness is to be 
imputed almost completely to damage accumulation on the tissue, rather than 
hardware, without a significant posterior shift in load sharing.  
No statistical association was found between strain and the measured 
anatomical parameters (fracture grade, height reduction and endplate curvature). 
Hence, it is difficult to provide guidelines about the outcome of the treatment 
based solely on the restoration achieved or clinical fracture grading. On the other 
hand, it is likely that the extent of the vertebral damage may play a role in load 
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sharing. Comminution of the vertebral body results in a loss of continuity of the 
trabecular structure; hence reducing its load bearing capability and increasing 
strain on the implants. Therefore, severely comminuted fractures would be more 
similar to the ASTM corpectomy model [218], or the ISO model for fatigue testing 
of spinal implants [217]. However, results from this study showed that, whilst 
standard tests provide a consistent framework for assessing endurance and 
mechanical properties of the implant, they fail to replicate and capture the actual 
biomechanics of the spine. Villa et al. [231] have measured axial strains (at a similar 
location to this study) in both ASTM and ISO standard models. Upon a 300 N 
compressive load, the first showed an axial stiffness of 91 N/mm and 1300 με, 
whilst in the latter stiffness and strain were 465 N/mm and 300 με, respectively. 
The properties of the spine affected by a traumatic fracture and treated with SSPI 
are definitely better replicated by the ISO model, which accounts also for the 
anterior column. In fact, in this study, a median peak compressive load of 280 N 
resulted in a stiffness and maximum strain of 460 N/mm and 607 με, respectively. 
Despite the similar stiffness, the cadaveric spinal segments exhibited higher strains, 
evidence of the higher loads born by the fixators. 
Screw loosening did not result in an increase in strain, suggesting that the 
implants were still functionally safe. However, loosening was detected in the 
samples which exhibited higher initial axial compression and lower stiffness, both 
associated with surface strain. Therefore, estimating the strain which the fixators 
undergo may provide an indirect indication of the risk of failure of the implant. 
Although not statistically significant, it may be worth noting that it happened in 
three samples from SSPI and two from SSPI – KP.  
Throughout the test, the median maximum strain was about 10 % of the yield 
strain, for the alloy used (εYield
Ti6Al4V=6850 με [220]), whilst the maximum strain 
amongst all the samples was about 1200 με. Such conditions can be considered 
safe for the survival of the implants and none of the rods showed any visible signs 
of yield. In fact, implants tested according to ASTM standard (corpectomy model) 
have survived until run-out (two million cycles) with a maximum compressive load 
of 250 N. In this conditions, the strain at the most critical point (below the 
fastening with the screw) has been estimated to be 2600 με [220]. Therefore it is 
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likely that, in this study, even areas of stress concentration never experienced 
enough fatigue to cause failure. 
However, it must be borne in mind that the strain measure in this work 
mostly provided an indication of the overall load distribution and fatigue, rather 
than a rigorous quantification of surface stress/strain. In fact, measurements from 
only one gauge per rod did not allow discriminating between pure tensile strain 
and bending. This represents a limitation of this measure and each rod should be 
instrumented with at least a pair of gauges (one on each opposite side of the rod) if 
the same experimental protocol was to be repeated.  
4.3.2.3 Migration of bony fragments 
The measurements from the two LVDTs allowed tracking how the fractured 
vertebral body moved throughout the test. Quasi-static loading has shown to 
increase the displacement of the posterior fragment. Kifune et al. [24] have shown 
that a 50 N compression decreases the width of the vertebral foramen by 0.1 mm. 
In addition, Verlaan et al. [200] have measured displacement on the sagittal plane 
of the anterior and posterior region at the consecutive stages of SSPI – KP. 
Ligamentotaxis significantly reduced the displacement of the fragments induced by 
the fracture, conversely to inflation of the IBT which pushed the posterior fragment 
externally by about 0.3 and 1.6 mm in the lumbar and thoracic spine, respectively. 
However, deflation of the IBT and further cement injection brought the posterior 
fragment back to their post-reduction position (also reducing the inter-specimen 
variability) of 2.0 ± 0.9 mm and 1.8 ± 0.9 mm in the lumbar and thoracic spine, 
respectively. Figure ‎4-6 aims at extrapolating the trend of the anterior and 
posterior region from fracture to follow-up by combining data from Verlaan et al. 
[200] and this study. In particular, results were pooled together and the peak 
displacement (i.e. sum of the mean value and amplitude of the displacement 
signal) was added to the offset value measured in the literature at completion of 
cement injection. Therefore, further insight could be provided by extending the 
work of Verlaan et al. [200] by simulating the initial post-surgery time (beginning of 
the test) up to the early follow-up (run-out: 70000 cycles). The posterior region 
significantly increased its displacement within the vertebral foramen over time. 
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Conversely, the peak displacement of the anterior fragments decreased throughout 
time; meaning that compaction of the fracture may have stabilised the anterior 
region. In addition, results agreed with the work of Wang et al. [282], where cyclic 
loading in osteoporotic samples induced a progressing decrease of the area of the 
vertebral foramen (measured on the sagittal plane) both at the treated (PMMA VP) 
and adjacent level.  
 
Figure ‎4-6: Displacement of the anterior and posterior region of the vertebral 
body throughout the fracture pathway. Results from this study were 
superimposed to those ofVerlaan et al. [200] obtained at the post-surgery stage. 
The displacement of the posterior wall was considered of great interest 
because relevant for the safety of the spinal cord [24]. Excessive migration of the 
posterior wall may cause a secondary neurological injury and prevent healing 
through progressive increase of SCO or strains on the dura mater. In fact, the cauda 
equina has appeared to be more sensitive to continuous compression rather than 
impact loading [15]. In Figure ‎4-6, results were pooled together for simplicity, thus 
it was not possible to appreciate differences between groups. Statistical analysis of 
the transducer signals showed a progressive increasing migration of the posterior 
region in the SSPI group that was not detected in the SSPI – KP. In addition, the 
final position of the posterior wall in the SSPI was 64 % higher than in SSPI – KP, 
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whilst SSPI exhibited 37 % higher peak to peak values (Table ‎3-4, Table ‎3-5), 
meaning that in this scenario the neurological structures would undergo a 
combination of increasing constant compression and higher intermittent loads. 
Therefore, KP showed to be able to effectively reduce both dynamic motion and 
migration of the bony fragments, probably because of the cohesive effect of the 
cement. In addition, results suggested an association between endplate curvature 
restoration and reduced posterior migration (Table ‎3-11), hence supporting the 
benefits of KP further. However, it must be noted that better restored endplates 
were obviously present in less comminuted samples, thus also less prone to 
significant motion of bony fragments.  
In 6 out of 12 twelve samples both the anterior and posterior region migrated 
posteriorly, which may be indicative of a rigid translation of the vertebral body. 
However, it is difficult to analyse such event; since the vertebral body lacked 
continuity and it is not clear how the fragments could influence each other’s 
motion. However, rigid AP translation of the vertebral body can be as much 
detrimental as posterior fragment migration alone, because it changes the 
alignment of the spinal canal, hence increasing stresses on the spinal cord. 
The limitations of this in vitro simulation made it representative of a worst 
case scenario for the performance of SSPI/SSPI - KP, and in vivo conditions may 
never get as severe. Firstly, as mentioned above, instability was emphasised by the 
excision of the neural arch and the looseness of the polyaxial nuts. In addition, 
clinical remodelling of the canal starts within the first post-operative month [31, 
182], which may be able to counteract the migration of the fragment before 
harming the spinal cord. However, the stress shielding provided by SSPI results in a 
reduction of the mechanical properties of the spinal ligaments at the treated level, 
especially PLL [294], which plays a fundamental role in retaining bony fragments 
[200, 258]. There is probably a fine balance between bone remodelling and spinal 
stability, which may become a risk factor and should be monitored post-
operatively. On the other hand, cement augmentation showed to reduce such risk 
and the osteoconductivity provided by CaP over PMMA, may help reducing it even 
further. 
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4.3.2.4 Fatigue of the endplates 
Cement augmentation has raised much debate regarding the risk of adjacent 
fractures. In fact, some authors have even advocated that adjacent fractures may 
outweigh the benefits of cement augmentation itself [170]. Although the treatment 
has shown to partially restore the stress profiles within the intervertebral disc 
[295], it is still not clear how the presence of the cement bolus may affect the load 
transfer over time. The main concern is that cement has a higher stiffness than 
trabecular structure, hence becoming a stress concentrator, which may have a 
detrimental effect on the load transfer to the adjacent vertebra. Kayanja et al. 
[165] have concluded that overstrengthening the vertebra causes an increased 
deformation at the adjacent endplates and increases surface strain on that 
vertebral body. However, in this study, the instability of burst fractures, together 
with the use CaP cement (lower stiffness than PMMA), may have made the 
construct less sensitive to the overstrengthening effect of cement augmentation. In 
fact, stiffness calculated from cyclic loading was similar to intact values from the 
literature, whilst KP only provided a marginal increase (‎4.3.2.1). 
Damage to the endplates has been shown to alter disc loading by reducing 
pressure within the nucleus, and shifting stresses towards the annulus [296]. In 
addition, Tzermiadianos et al. [166] have found that cement augmentation caused 
a 94 % increase in the surface strain on the vertebra adjacent to the fractured 
endplate, whilst no significant increase was found at the side where the endplate 
was intact. Therefore, endplate failure has been considered an additional risk 
factor for adjacent fractures. In this study, different extent of endplate damage was 
detected, with 8 of 12 samples showing at least comminution of one endplate at 
the treated level. Although SSPI samples did not undergo augmentation, impaired 
load transfer due to endplate damage was still considered a risk factor for adjacent 
fracture. 
As discussed above (‎4.3.1.1), SSPI – KP enabled achieving a superior 
restoration of the endplate curvature at the treated level than SSPI, which was 
maintained throughout fatigue testing, since the variation in the curvature radii 
was not significant (Figure ‎3-31). It is, however, interesting to note that cyclic 
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loading seemed to have opposite effects on the two groups (Table ‎3-10). In fact, 
fatigue appeared to flatten the endplates in SSPI, whilst SSPI – KP exhibited an 
increase in convexity. Such results did not mean that fatigue loading improved the 
outcome of SSPI. On the contrary, they may confirm a higher instability of the bony 
fragments due to the lack of support and cohesion provided by cement. The 
flattering of the endplates was probably a by-product of the compaction of the 
fracture and peripheral loading, in agreement with what discussed above 
(‎4.3.2.1, ‎4.3.2.3) as well as measures of intradiscal stress [296]. Conversely, SSPI – 
KP confirmed the behaviour initially hypothesised. Since endplate biomechanics 
was better restored than in SSPI, the centre of the endplate transferred the 
majority of the compressive load (as it happens in intact conditions [67, 297]), and 
damage accumulation resulted in a slight increase in convexity. In in vivo 
conditions, CaP cement may be able to preserve the endplate curvature better 
than as observed in this study, since it may promote bone remodelling to withstand 
the nucleus stress.  
Previous studies in the literature have investigated fatigue in cement 
augmentation to better understand adjacent fractures. In particular, it has been 
confirmed that augmentation increases the stiffness of the spine, leading to early 
failure of the spinal segment [167, 168]. However, damage to the adjacent 
vertebrae has been usually assessed visually from CT scans, or as a drop in 
load/stiffness, hence based on indicators of gross failure. Conversely, this study 
aimed at replicating more physiological conditions and non-destructive fatigue 
loading was applied, whilst the developed image processing method enabled 
quantifying endplate deflection (‎2.2.4.4). It must be noted that the deflection maps 
obtained (Appendix C) were a measure of permanent deformation of the endplate 
surface, since CT scanning was performed with the sample unloaded, pre- and 
post-fatigue testing. Such approach was considered more clinically relevant than 
destructive testing, as it provided insight on the functional outcome of the 
treatment in the early follow-up. A similar protocol was carried out by Nagaraja et 
al. [170], where image processing of CT scans was performed to estimate the 3D 
compression of the vertebra and intervertebral space. However, to the candidate’s 
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knowledge, this study provided for the first time experimental fatigue investigation 
of the adjacent endplates in traumatic fractures treated with SSPI/SSPI - KP. 
Hulme et al. [169] exploited an in situ protocol to show that cement 
augmentation prevents deflection of the portion of the endplate overlying it. On 
the other hand, no clear difference was found in the deflection at the adjacent 
endplate to prove an alteration of load transfer due to PMMA VP. Moreover, 
numerical simulations by Xu et al. [298] of SSPI – VP in burst fractures, have 
suggested a 40 – 50 % reduction in stress at the endplates adjacent to the treated 
vertebra. Results from this study agree with the aforementioned works, and no 
difference was found between SSPI and SSPI – KP (Figure ‎3-23). Therefore, it 
appeared that CaP KP and the resultant marginal increase in construct stiffness did 
not have any detrimental effect. Hence, with the respect to the experimental 
conditions undertaken in this study, KP was not considered to constitute a risk 
factor for adjacent fractures.  
Qualitative assessment of CT scans did not highlight any fracture of the 
adjacent endplate or vertebral body, caused by fatigue loading. In fact, the highest 
deflection (5th percentile) was -1.0 mm, whilst the median value was -0.2 mm. 
Results were in line with those of Hulme et al. [169], where the endplate has shown 
an average deflection of 0.082 ± 0.25 mm, although peaks exceeding 1 mm were 
identified. However, in this study, the endplates may have actually reached a 
higher deflection in dynamic conditions, since measures from Hulme et al. were 
taken under compressive loading. However, the reported permanent deflection can 
be considered relatively low and not indicative of any substantial failure. In fact, 
adjacent fractures have been shown to be anticipated by a marked progressive 
depression of the anterior portion of the endplate, which can be easily detected 
visually [166]. Nonetheless, this study could not guarantee whether further fatigue 
accumulation would have triggered a catastrophic failure of the endplate. Results 
must thus be taken as indicative only of the short term and cannot be generalised 
to state that the adjacent endplate were safe from subsequent collapse. 
As far as the fracture onset was concerned, results confirmed the cranial 
endplate to be weaker than the caudal ones (‎4.2.3). On the other hand, both sides 
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exhibited same values of deflection following fatigue loading (Figure ‎3-24) and 
were independent from the spinal level; showing that in such conditions the plastic 
damage was equally distributed. However, results were not in agreement with 
Nagaraja et al. [170], which found higher compression of the vertebral body and 
intervertebral space at the cranially rather than caudally adjacent side. Likewise, 
fatigue loading has been found to induce higher collapse of the trabecular structure 
underlying the cranially adjacent endplate [282]. Such disagreement may be 
because the loading conditions in this study were not sufficient to exceed the load 
capacity of the endplate. As mentioned above, further fatigue accumulation may 
have resulted in a more marked damage of the cranially adjacent endplate. 
Permanent endplate deformation is a complex phenomenon, because 
depression of an area often resulted in bulging at another location (Appendix C). In 
fact, 95th percentile values were always positive (indicating outward bulging), as 
opposed to 5th percentile values (Table ‎3-7). This was also confirmed by the strong 
correlation between 5th and 95th percentile of the displacement maps. This was in 
disagreement with Nagaraja et al. [170], who has only identified permanent inward 
deflection. However, most of the disagreements between this and the 
aforementioned study may lie in the extreme complexity of the loading conditions 
arising from a burst fracture, as opposed to a wedge fracture (usually simulated in 
the literature). Burst fractures result in more spinal instability than wedge fractures 
[99] (emphasised in this study by the excision of the neural arch), whilst 
comminution of the endplates affects stress transfer within the disc. In addition, 
some of the adjacent endplates showed damage/fissures, resulting from the 
creation of the fracture, where regions of positive deflection (95th percentile) were 
typically identified. Such behaviour was probably related to some form of 
adjustment of the geometrical orientation of the damaged portion, induced by 
repeated loading. In addition, load was shared with the fixators, hence reducing the 
extent of the endplate deflection, whilst implant strain was partially associated 
with deflection. All those factors may have differently influenced the load transfer 
through the adjacent endplates, with respect to other experimental models 
presented in the literature. 
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Chapter 5: Conclusions and Future Work 
This study delivered a comprehensive investigation on vertebral fractures, 
through the experimental protocols developed, which enabled following the whole 
fracture pathway. Through that, it was possible to review both the biomechanics 
underlying the origination of the injury and the performance of its surgical 
treatment. The development of an image processing protocol for 3D analysis 
enabled tying together the evolution of vertebral anatomy throughout the process, 
hence providing further insight besides mechanical testing. Fatigue testing was 
carried out on the treated spine to better understand the long-term performance 
of SSPI and its combination with KP. It must be noted that the aim was not to test 
the fatigue life of the implants. In fact, a standardised test (e.g. [217, 218]) would 
have been more appropriate for it. The experiments were developed to understand 
the biomechanics of the construct made by the fractured spine and SSPI, whilst 
understanding how KP can improve it. 
In addition, this doctorate project involved a collaboration for the 
development of an FE model, to investigate in silico the biomechanics of fractures 
of multiple myeloma infiltrated spine.  
A set of main objectives were defined and completed to provide the 
presented investigation: 
 Develop an in situ testing protocol and provide experimental data for 
FE model development (collaboration with Dr. Nicholas Roberts). 
 Develop image processing applications for 3D analysis of vertebral 
anatomy and integrate them with mechanical testing. 
 Develop an experimental protocol to create in vitro burst fractures 
and investigate the biomechanics of the fracture, providing evidence 
of the dynamics of IPW and assessing relevant anatomical changes. 
 Develop an experimental protocol for in vitro investigation of fatigue 
in spinal segments, following surgical intervention. Provide a 
comparison/investigation on SSPI and SSPI – KP as treatment for spinal 
burst fractures, hence aiding treatment planning.  
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5.1 General conclusions  
Burst fracture biomechanics is extremely complex because of its highly 
dynamic onset, which is also the main hurdle for clinical diagnostics and treatment 
planning. IPW has been associated with neurological injury [23] and imputed to be 
a driving factor in the origination of the fracture [191]. In addition, authors have 
speculated IPW to be a dynamic phenomenon, strictly linked to LF and SCO [123]. 
This work provided for the first time evidence of such dynamic behaviour. 
Previous studies have not found any significant correlation between SCOmax 
and SCOres [194, 269]. Although a strong correlation was found in this study, it must 
be noted that those measurements were clustered towards the extremes of the 
measurement range and the poor agreement showed by the technique proved it 
not suitable for human tissue, unless further improvements are made. The overall 
lack of correlation present in the literature for the dynamics of SCO strengthened 
the importance of IPW in understanding the mechanics of the fracture, whilst 
showing that SCO alone cannot explain the full nature of the injury. 
Burst fracture creation and its investigation showed that: 
 IPW is a dynamic phenomenon. At the impact the pedicles splay up to 
a maximum value (IPWmax=15.8 %) and are subsequently recoiled to 
their resting position (IPWres=4.9 %, i.e. what measured clinically). 
 IPWmax is reached in 20 – 25 ms, whilst the whole transient phase lasts 
about 400 ms (although the main event is the IPWmax peak). 
 IPWmax is moderately correlated with IPWres, whilst no association is 
present between both IPWmax and IPWres, and SCO. 
 IPWmax may represent the instant where the shape of the spinal canal 
is most critical for the neurological injury as its lateral diameter 
reaches its maximum (whilst the AP diameter decreases due to 
deformation of the posterior wall). 
 Anatomical variation of the facet joints and pedicles across levels 
influences IPW. 
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 Vertebral compression and SCO are associated with impact energy, as 
opposed to IPW. Therefore, damage to the vertebral body has a 
viscoelastic component, conversely to IPW. 
 Laminar fractures may be a dynamic phenomenon directly driven by 
IPW. Hence, the dynamics of IPW is crucial for the origination of dural 
tears. 
 Burst fractures induce a substantial increase in convexity of the 
endplate, which is associated with impact energy. Cranial endplates 
are more sensitive to the convexity increase, thus they might be more 
prone to post-traumatic disc degeneration. 
As highlighted by Fakurnejad et al. [192], in the majority of works where 
surgical treatments have been investigated, little care has been taken about using 
clinically relevant fractures. Conversely, in this study, the treatment was performed 
on specimens that previously underwent consistent creation of clinical-like burst 
fractures. In addition cyclic loading provided a simulation of the early follow-up, 
whilst the experimental protocol enabled quantifying the evolution over time of 
structural properties and vertebral anatomy. To the candidate’s knowledge, this 
work was novel as it investigated SSPI/SSPI – KP on cadaveric tissue using a 
combination of image processing and fatigue loading, and no equivalent could be 
found in the literature. 
Based on the review of the results from this study, and the literature, KP is 
recommended to be performed in combination with SSPI because of the following 
considerations. Firstly, KP is minimally invasive and requires approximatively 25 
minutes of extra operative time compared to SSPI alone [180]. The presented 
experimental investigation showed that SSPI – KP may provide several benefits to 
the patient: 
 Significant restoration of endplate geometry (21.7 % curvature 
recovery) and decrease of depression of the region underlying the 
nucleus pulposus, conversely to SSPI alone. The achieved reduction 
was retained following fatigue loading, thus SSPI – KP showed 
- 190 - 
potential to prevent post-traumatic disc degeneration and nucleus 
herniation within the vertebral body. 
 Improved spinal stability: marginal increase in compressive stiffness 
(31 %) and better retention of the achieved correction.  
 Marginal reduction of peak surface strains on fixator rods following 
fatigue (13 %). Increased strains were associated with higher spinal 
instability, as well as screw loosening. 
 Significantly improved safety of the neurological structures by limiting 
migration of bony fragments (median migration of posterior wall in 
SSPI and SSPI – KP were 1.6 and 0.2 mm, respectively). SSPI – KP also 
decreased initial oscillation of the posterior wall by 72 %. 
 No increased risk of adjacent fracture (same damage as SSPI within 
early-stage follow-up under reduced loading conditions). 
 Potential for improvement of the abovementioned benefits through 
osteoconductivity of CaP cement (i.e. promotion of bone remodelling 
and cement resorption). 
However, one might question whether VP could be a more cost-effective 
alternative; since it does not require any IBT inflation kit, and most of the height 
was recovered through SSPI. However, both this work and the literature suggest 
that the use of the IBT is key to the success of the treatment [181, 287], especially 
concerning endplate reduction [166, 176], whilst also reducing the risk of leakage 
[182]. 
It may be interesting to note that, from a qualitative point of view, results 
from SSPI – KP appeared, overall, less scattered than SSPI (also in terms of curve 
trends, see Appendix B). This may be an additional indication of the mechanical 
stability provided by SSPI – KP. However, in all the cases dispersion tests failed to 
return any statistical significance (Ansari-Bradley test, p>0.5 in all cases), because 
of the limited sample size. 
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5.2 Future work 
This work provided a set of tools for the comprehensive investigation of the 
fracture pathway. Nonetheless, some aspects could be developed further to better 
address clinical needs and/or transferred to other projects. 
5.2.1 Biomechanics of burst fracture onset 
The experiments conducted in this work proved the dynamics of IPW and 
highlighted its importance. However, future work is necessary to glean more 
evidence and understanding, also given the difficulty to provide tolerance limits for 
burst fracture as easily as for quasi-static loading [188]. The integration of the 
results presented herein with more extensive investigations on the dynamics of 
laminar fractures and SCO may enable implementing novel clinical decisional tools. 
Thus, the final aim would be the retrospective estimation of the evolution of the 
spinal canal shape during the fracture onset; to ease the assessment of the 
neurological deficit, predict the risk of dural tears and design the optimal 
intervention (or at least choose between surgical and conservative treatment).  
Several works have shown that plain radiography can reliably identify IPW 
without the need for CT scanning [104, 271, 272]. Advanced biomechanical models 
could be developed based on work stemming from this project, which may 
eventually find a clinical application using x-ray data as input. It would be then 
possible to increase the sensitivity of plain radiography, providing prompt 
estimations of the neurological injury, whilst reducing radiation dosage and costs 
for the healthcare providers. Therefore, an initial screening of the patient at 
presentation may be able suffice enough information to decide on the severity of 
the case and necessity of further CT/MRI assessment, as already suggested for the 
detection of dural tears [125].  
The LVDT measures developed in this study could be advanced by exploiting 
image processing of high-speed filming of the vertebral surface. Firstly, tracking the 
displacement of markers painted on the vertebral body could provide an extensive 
3D IPW assessment. In addition, it would be possible to detect the vertical motion 
of the pedicles, which may cause an additional injury to the root of the nerve. A 
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technique similar to that of Hedrick et al. [299] could be implemented since it has 
been validated to track extremely rapid displacement changes.  
As mentioned above, the next step towards a complete characterisation of 
the vertebral foramen failure necessitate of a thorough understanding of the 
dynamics of laminar fractures. .. To this end, image processing could be advanced 
to digital image correlation (DIC) techniques, which would exploited a speckled 
pattern painted onto the laminar posterior surface to determine the full field 
surface strains as well as regions of failure. Such approach has been successfully 
used on other bones, such as the femur [300], and could provide extremely 
valuable insight on the dynamics of laminar fractures. Upon successful validation of 
the method, DIC could be extended to the rest of the vertebra. However, it must be 
borne in mind that any imaging of the antero-lateral surface of the vertebra would 
require complete excision of the ligaments to expose the cortex. Thus, it would be 
advised to limit DIC investigation to the lamina and pedicles. 
HR-pQCT scans taken in this study (pre- and post-fracture) were also used by 
Ilsoo Koh, a doctorate candidate within the SpineFX project at ETH (Zurich, 
Switzerland), for the development of an FE model of the fractured spine following 
cement augmentation. Results from this collaboration may help understanding 
better the behaviour of the bony fragments under load. 
5.2.2 Biomechanics of spinal fixation 
The first aim of the second part of the project was to develop a 
comprehensive protocol for the investigation of the biomechanics of SSPI/SSPI – KP 
in spinal burst fractures. However, due to the limited timeframe available some 
additional methodologies could not be implemented and should be included in the 
future to increase the completeness of the experiments. Firstly, accurate 
calibration of the fixator rods based on strain measures would enable quantifying 
load sharing between the implant and the vertebral body. A similar approach has 
been previously used by other authors in quasi-static conditions [213, 216, 232]. 
Combining such protocol with what developed in this study would enable 
continuous recording of the evolution of load sharing throughout fatigue loading. 
Therefore, it may be possible to define threshold values indicative of a high risk of 
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implant failure, or inadequate load transmission through the vertebral body. In 
addition, the displacement measurements of the LVDTs could be integrated, or 
replaced, with an optoelectronic system to track the intervertebral motions [205, 
301, 302], hence providing a 3D assessment of the relative motion of the bony 
fragments within the vertebra as well as with respect to the adjacent vertebrae.. 
Finally, a substantial improvement in the design of the testing apparatus would 
enable a more realistic replication of the in vivo biomechanics. In this work, the 
loading conditions were limited to axial compression, whilst shear was decoupled 
to avoid over-constraining the sample. This was done to create simple and 
controlled loading conditions, hence allowing a clearer interpretation of the results. 
On the other hand, a substantial improvement in the loading conditions would 
require including bending. This could be achieved by hinging the pots (i.e. allowing 
flexion/extension), as previously done by Kolb et al. [167]. In addition, encoders 
could be used to measure the induced rotation. Implementing all the above 
mentioned changes would provide a more comprehensive and realistic 
investigation, hence increasing its clinical relevance. 
Eventually, different commercial implants, as well as augmentation solutions, 
could be tested using this experimental protocol, to aid surgeons choosing the best 
treatment or manufacturers developing new stabilisation strategies. 
3D analysis enabled identifying differences that mechanical testing was not 
able to highlight, as well as providing insight on the changes that the vertebral 
anatomy undergoes throughout the fracture pathway. The method required only a 
CT scan of the vertebra, to extract its 3D surface, and thus it is suitable for in vivo 
applications. However, manual segmentation is time-consuming and requires an 
expert user. A clinical version of the tool might implement an automated 
segmentation algorithm (e.g. [303]), thus speeding the process, in spite of 
accuracy. Clinical methods conventionally use 2D views of the spine obtained from 
plain radiography, or reconstructed from CT scans, to assess relevant anatomical 
parameters [103]. Conversely, the methods developed were based on digital 
identification of marker sets on a 3D surface, which provides a more complete 
representation of the geometry, in contrast to the definition of a line passing 
through the endplate rim on a 2D view.  
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The image processing application quantified local and global curvature of the 
endplates, and such outputs could be used to design patient-specific intervertebral 
disc replacements or fusion cages. Therefore, the loading surfaces of the bespoke 
implant would be fully conforming to endplate geometry, whilst additive 
manufacturing could be used to produce it. 
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Appendix A 
Details of the surgical procedure described in ‎2.2.3.1. 
 
- 219 - 
Details of SSPI procedure (carried out on all the samples). 
 
  
Donor Level Group Screw size Pedicle breach Loose screw 
   Length Diameter Left Right Left Right 
A T9 SSPI 5.5 35     
A T11 SSPI 5.5 35     
A T12 SSPI – KP 5.5 40     
A L2 SSPI – KP 6.5 40     
A L3 SSPI 6.5 40     
A L5 SSPI 6.5 40     
B T9 SSPI 5.5 35     
B T11 SSPI 5.5 35     
B T12 SSPI 5.5 40     
B L2 SSPI 6.5 40     
B L3 SSPI – KP 6.5 35     
B L5 SSPI – KP 6.5 40     
C T9 SSPI – KP 5.5 40     
C T11 SSPI – KP 5.5 40     
C T12 SSPI – KP 6.5 35     
C L2 SSPI – KP 6.5 35     
C L3 SSPI 6.5 35     
C L5 SSPI 6.5 45     
D T9 SSPI – KP 5.5 35     
D T11 SSPI – KP 5.5 35     
D T12 SSPI 5.5 35     
D L2 SSPI 5.5 40     
D L3 SSPI – KP 6.5 35     
D L5 SSPI – KP 5.5 45     
Screw was considered loose when extraction torque < 0.4 Nm. 
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Details of KP procedure (carried out on the SSPI – KP samples following SSPI). 
Donor Level BIV Max pressure CV Injected CVexp Leakage 
  (ml) Left Right (ml) Left Right (ml)  
A L1 6.4 113 134 8.0 4 4 8  
B L4 7.8 59† 51† 9.8 4.9 4.9 9.8  
C L1 8.7 135 160 10.8 6 5.5 10.5  
C T10 6 160 155 7.6 4 4 8  
D T10 4.9 58 65 6.1 3 3 6  
D L4 8 130 350‡ 10.2 4 5 9  
BIV: total IBTs inflation volume; Max pressure: maximum pressure (psi) reached 
during the inflation of the IBT; CV: target cement volume; Injected: volume of 
cement (ml) injected per pedicle; CVexp: total cement volume actually injected. 
 
† Inflation was performed by placing two IBT, which were inflated by 
alternating one syringe (following previous breakage of the syringe nozzle, see 
below). ‡ The maximum pressure was exceeded at ~1.25 ml and the nozzle of the 
syringe broke. The balloon was removed and dedicated curette was inserted 
through the cannula to widen the initial cavity for the IBT (see figure below). 
 
Transpedicular widening of the IBT cavity with specific instrumentation. 
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Appendix B 
Summarised results and curves from fatigue testing of treated segments 
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Mean values calculated per each signal at the beginning of the test. 
Donor Level Group Load 
Axial 
displacement 
Posterior 
displacement 
Anterior 
displacement 
Left strain 
gauge 
Right strain 
gauge 
Stiffness 
rising edge 
Stiffness 
falling edge 
   (N) (mm) (mm) (mm) (με) (με) (N/mm) (N/mm) 
A T9-T10-T11 SSPI -99.4 -0.32 -0.20 0.08 342 35 633 597 
A T12-L1-L2 SSPI – KP -119.2 -0.30 -0.86 0.11 216 228 544 530 
A L3-L4-L5 SSPI -139.0 -0.36 -0.25 0.14 292 257 621 603 
B T9-T10-T11 SSPI -160.6 -1.74 -2.44 2.58 395 242 352 324 
B T12-L1-L2 SSPI -197.1 -6.23 5.43 -0.91 756 169 130 113 
B L3-L4-L5 SSPI – KP -229.0 -1.30 0.43 -0.81 552 333 488 461 
C T9-T10-T11 SSPI – KP -124.2 -0.55 -0.29 0.18 223 147 666 617 
C T12-L1-L2 SSPI – KP -149.1 -0.43 0.07 0.01 242 313 732 710 
C L3-L4-L5 SSPI -179.2 -1.03 1.11 -0.64 304 348 426 406 
D T9-T10-T11 SSPI – KP -149.2 -0.50 -0.58 0.51 214 254 482 463 
D T12-L1-L2 SSPI -184.1 -1.12 -0.80 0.72 407 336 372 352 
D L3-L4-L5 SSPI – KP -219.1 -1.04 0.00 0.17 308 487 479 453 
Median   -155.9 -0.79 -0.23 0.13 306 255 485 462 
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Mean values calculated per each signal at the end of the test. 
Donor Level Group Load 
Axial 
displacement 
Posterior 
displacement 
Anterior 
displacement 
Left strain 
gauge 
Right strain 
gauge 
Stiffness 
rising edge 
Stiffness 
falling edge 
   (N) (mm) (mm) (mm) (με) (με) (N/mm) (N/mm) 
A T9-T10-T11 SSPI -99.7 -0.47 -0.40 -0.04 439 64 632 577 
A T12-L1-L2 SSPI – KP -119.1 -0.39 -1.23 0.08 233 228 535 518 
A L3-L4-L5 SSPI -139.0 -0.49 -0.28 0.05 329 319 616 594 
B T9-T10-T11 SSPI -161.5 -2.91 -4.45 4.79 379 264 365 324 
B T12-L1-L2 SSPI -192.8 -11.02 -6.08 -5.66 342 368 139 125 
B L3-L4-L5 SSPI – KP -231.6 -6.67 2.27 -2.01 195 347 421 377 
C T9-T10-T11 SSPI – KP -124.3 -0.77 -0.39 0.08 209 230 682 646 
C T12-L1-L2 SSPI – KP -149.0 -0.62 -0.20 -0.08 269 341 688 661 
C L3-L4-L5 SSPI -179.7 -2.29 -0.78 -1.28 311 316 375 352 
D T9-T10-T11 SSPI – KP -149.7 -0.94 -1.90 1.44 270 245 424 407 
D T12-L1-L2 SSPI -186.0 -1.88 -2.01 1.26 396 345 342 315 
D L3-L4-L5 SSPI – KP -220.3 -1.57 0.17 -0.06 285 612 402 373 
Median   -155.6 -1.26 -0.59 0.00 298 317 423 392 
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Peak to peak values calculated per each signal at the beginning of the test. 
Donor Level Group Load 
Axial 
displacement 
Posterior 
displacement 
Anterior 
displacement 
Left strain  
gauge 
Right strain  
gauge 
   (N) (mm) (mm) (mm) (με) (με) 
A T9-T10-T11 SSPI 154.9 0.25 0.15 0.15 391 29 
A T12-L1-L2 SSPI – KP 195.3 0.36 0.25 0.15 393 449 
A L3-L4-L5 SSPI 224.8 0.36 0.21 0.20 560 366 
B T9-T10-T11 SSPI 250.8 0.72 0.57 0.99 512 407 
B T12-L1-L2 SSPI 302.1 2.40 2.46 0.20 880 311 
B L3-L4-L5 SSPI – KP 362.2 0.75 0.21 0.32 889 542 
C T9-T10-T11 SSPI – KP 194.9 0.31 0.17 0.19 360 305 
C T12-L1-L2 SSPI – KP 244.3 0.34 0.12 0.07 387 414 
C L3-L4-L5 SSPI 283.0 0.68 0.54 0.15 511 590 
D T9-T10-T11 SSPI – KP 232.4 0.49 0.03 0.30 475 574 
D T12-L1-L2 SSPI 292.9 0.79 0.58 0.61 551 596 
D L3-L4-L5 SSPI – KP 341.8 0.73 0.15 0.18 457 693 
Median   247.5 0.58 0.21 0.19 493 431 
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Peak to peak values calculated per each signal at the end of the test. 
Donor Level Group Load 
Axial 
displacement 
Posterior 
displacement 
Anterior 
displacement 
Left strain  
gauge 
Right strain  
Gauge 
   (N) (mm) (mm) (mm) (με) (με) 
A T9-T10-T11 SSPI 155.7 0.26 0.14 0.14 400 98 
A T12-L1-L2 SSPI – KP 195.0 0.37 0.25 0.16 393 452 
A L3-L4-L5 SSPI 225.0 0.37 0.18 0.17 578 368 
B T9-T10-T11 SSPI 250.5 0.71 0.60 0.93 511 380 
B T12-L1-L2 SSPI 303.0 2.27 0.02 0.03 137 671 
B L3-L4-L5 SSPI – KP 361.7 0.88 0.33 0.10 489 459 
C T9-T10-T11 SSPI – KP 195.3 0.29 0.15 0.15 355 325 
C T12-L1-L2 SSPI – KP 244.4 0.36 0.06 0.08 437 446 
C L3-L4-L5 SSPI 282.7 0.77 0.20 0.04 488 546 
D T9-T10-T11 SSPI – KP 232.4 0.55 0.09 0.36 532 543 
D T12-L1-L2 SSPI 292.5 0.88 0.61 0.54 485 564 
D L3-L4-L5 SSPI – KP 342.1 0.86 0.16 0.21 423 744 
Median   247.5 0.63 0.17 0.16 461 455 
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Curves for each signal throughout the test are presented below. Median 
among samples of each group is plotted within its minimum-maximum interval. 
Axial displacement 
 
SSPI 
 
 
SSPI – KP 
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Strain on the fixator rods 
 
SSPI 
 
 
SSPI – KP 
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Stiffness 
 
SSPI 
 
 
SSPI – KP 
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Appendix C 
Deflection maps of the endplates adjacent to the treated vertebra following fatigue 
testing 
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Permanent deformation induced by fatigue loading was calculated for the 
endplates adjacent to the treated vertebra using the method described in ‎2.2.4.4. 
The following maps present the displacement (mm) along the cranio-caudal 
direction according to the anatomical reference frame. Therefore, it must be borne 
in mind that the sign of the displacement field depends on the side of adjacency to 
the treated vertebra. As shown in the figure below, inward displacement at the 
caudal endplate of the cranially adjacent vertebra will result in a positive value 
because aligned with the positive direction of the vertical axis. Conversely, the 
same displacement would have a negative sign if calculated at the cranial endplate 
of the caudally adjacent vertebra, because its direction would be opposite to that 
of the vertical axis. 
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Donor A – T9-T10-T11 
T9 caudal endplate 
 
 
T11 cranial endplate 
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Donor A – T12-L1-L2 
T12 caudal endplate 
 
 
L2 cranial endplate 
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Donor A – L3-L4-L5 
L3 caudal endplate 
 
 
L5 cranial endplate 
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Donor B – T9-T10-T11 
T9 caudal endplate 
 
 
T11 cranial endplate 
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Donor B – T12-L1-L2 
T12 caudal endplate 
 
 
L2 cranial endplate 
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Donor B – L3-L4-L5 
L3 caudal endplate 
 
 
L5 cranial endplate 
 
 
  
- 237 - 
Donor C – T9-T10-T11 
T9 caudal endplate 
 
 
T11 cranial endplate 
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Donor C – T12-L1-L2 
T12 caudal endplate 
 
 
L2 cranial endplate 
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Donor C – L3-L4-L5 
L3 caudal endplate 
 
 
L5 cranial endplate 
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Donor D – T9-T10-T11 
T9 caudal endplate 
 
 
T11 cranial endplate 
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Donor D – T12-L1-L2 
T12 caudal endplate 
 
 
L2 cranial endplate 
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Donor D – L3-L4-L5 
L3 caudal endplate 
 
 
L5 cranial endplate 
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Cranially adjacent endplates: summarised results for 5th and 95th percentiles of displacement components according to the local anatomical 
reference frame. 
   Cranio-caudal Lateral Antero-posterior 
Level Group 5th 95th 5th 95th 5th 95th 
   (mm) (mm) (mm) (mm) (mm) (mm) 
A T9-T10-T11 SSPI -0.25 -0.02 -0.06 0.06 -0.04 0.06 
A T12-L1-L2 SSPI – KP -0.11 0.76 -0.20 0.14 -0.10 0.21 
A L3-L4-L5 SSPI -0.19 0.00 -0.06 0.05 -0.03 0.06 
B T9-T10-T11 SSPI -0.98 0.48 -0.45 0.23 -0.26 0.45 
B T12-L1-L2 SSPI -0.33 0.08 -0.08 0.02 -0.03 0.05 
B L3-L4-L5 SSPI – KP -0.92 0.33 -0.22 0.09 -0.27 0.15 
C T9-T10-T11 SSPI – KP -0.09 0.39 -0.12 0.06 -0.09 0.06 
C T12-L1-L2 SSPI – KP -0.66 -0.11 -0.16 0.22 -0.21 0.17 
C L3-L4-L5 SSPI -0.09 0.11 -0.02 0.05 -0.02 0.03 
D T9-T10-T11 SSPI – KP -0.04 0.34 -0.10 0.02 -0.03 0.12 
D T12-L1-L2 SSPI -0.40 0.20 -0.04 0.14 -0.11 0.04 
D L3-L4-L5 SSPI – KP -0.17 0.15 -0.03 0.03 -0.02 0.04 
Median   -0.22 0.17 -0.09 0.06 -0.06 0.06 
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Caudally adjacent endplates: summarised results for 5th and 95th percentiles of displacement components according to the local anatomical 
reference frame. 
 
 
   Cranio-caudal Lateral Antero-posterior 
Level Group 5th 95th 5th 95th 5th 95th 
   (mm) (mm) (mm) (mm) (mm) (mm) 
A T9-T10-T11 SSPI -0.24 0.70 -0.10 0.17 -0.34 0.21 
A T12-L1-L2 SSPI – KP -0.30 -0.08 -0.08 0.05 -0.05 0.08 
A L3-L4-L5 SSPI -0.43 0.44 -0.22 0.17 -0.13 0.16 
B T9-T10-T11 SSPI -0.10 0.23 -0.02 0.07 -0.02 0.03 
B T12-L1-L2 SSPI -0.03 0.12 -0.01 0.02 -0.01 0.01 
B L3-L4-L5 SSPI – KP -0.36 0.45 -0.12 0.13 -0.20 0.13 
C T9-T10-T11 SSPI – KP -0.12 0.41 -0.19 0.06 -0.18 0.09 
C T12-L1-L2 SSPI – KP -0.27 0.12 -0.09 0.02 -0.03 0.07 
C L3-L4-L5 SSPI -0.11 0.09 -0.02 0.03 -0.01 0.02 
D T9-T10-T11 SSPI – KP -0.18 0.04 -0.04 0.03 -0.03 0.03 
D T12-L1-L2 SSPI -0.16 0.16 -0.07 0.01 -0.03 0.03 
D L3-L4-L5 SSPI – KP -0.39 1.06 -0.29 0.13 -0.20 0.37 
Median   -0.21 0.20 -0.08 0.05 -0.04 0.07 
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Appendix D 
Summarised results from 3D analysis of the vertebra 
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Anatomical parameters measured at intact conditions. Results refer to the central vertebra of the spinal segment. 
Donor Level Group Group 
Vertebral body 
height 
Angle on 
sagittal plane 
Angle on frontal 
plane 
Angle 3D 
Radius cranial 
endplate 
Radius caudal 
endplate 
    (mm) (°) (°) (°) (mm) (mm) 
A T9-T10-T11 LE SSPI 22.5 -1.6 0.3 1.6 81.1 89.9 
A T12-L1-L2 HE SSPI – KP 27.7 3.8 0.3 3.8 99.5 55.9 
A L3-L4-L5 LE SSPI 27.6 -7.8 1.1 7.8 1087.6 103.9 
B T9-T10-T11 HE SSPI 23.3 -1.6 1.7 2.3 80.4 83.7 
B T12-L1-L2 HE SSPI 28.2 2.8 0.7 2.9 268.8 163.0 
B L3-L4-L5 HE SSPI – KP 27.5 -8.3 0.8 8.4 172.0 98.5 
C T9-T10-T11 LE SSPI – KP 19.6 2.4 2.3 3.2 281.1 179.0 
C T12-L1-L2 LE SSPI – KP 24.1 6.8 0.2 6.8 617.7 715.9 
C L3-L4-L5 HE SSPI 25.4 -9.8 1.4 9.9 371.8 86.3 
D T9-T10-T11 HE SSPI – KP 21.8 3.0 0.9 3.1 320.9 110.9 
D T12-L1-L2 LE SSPI 25.9 3.1 0.7 3.1 269.5 191.8 
D L3-L4-L5 LE SSPI – KP 27.1 -7.9 0.4 7.9 – 222.2 
Median    25.7 0.4 0.8 3.5 269.5 107.4 
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Anatomical parameters measured at post-fracture. Results refer to the central vertebra of the spinal segment. 
Donor Level Group Group 
Vertebral body 
height 
Angle on 
sagittal plane 
Angle on frontal 
plane 
Angle 3D 
Radius cranial 
endplate 
Radius caudal 
endplate 
    (mm) (°) (°) (°) (mm) (mm) 
A T9-T10-T11 LE SSPI 21.4 -2.8 3.4 4.4 43.8 103.5 
A T12-L1-L2 HE SSPI – KP 21.9 4.7 2.3 5.2 64.0 83.1 
A L3-L4-L5 LE SSPI 27.7 -7.2 0.6 7.2 591.3 107.0 
B T9-T10-T11 HE SSPI 15.6 -1.8 6.0 6.3 84.3 63.8 
B T12-L1-L2 HE SSPI 16.5 -3.2 5.6 6.4 34.7 38.7 
B L3-L4-L5 HE SSPI – KP 17.0 0.2 5.3 5.2 38.7 38.4 
C T9-T10-T11 LE SSPI – KP 15.5 -2.4 2.7 3.6 76.9 108.0 
C T12-L1-L2 LE SSPI – KP 18.8 -1.6 3.7 4.0 87.9 326.1 
C L3-L4-L5 HE SSPI 18.3 -10.5 1.7 10.6 52.1 73.8 
D T9-T10-T11 HE SSPI – KP 14.1 -5.2 0.8 5.2 45.8 43.7 
D T12-L1-L2 LE SSPI 18.8 -5.7 3.4 6.7 78.5 78.1 
D L3-L4-L5 LE SSPI – KP 26.6 -11.7 3.7 12.3 329.7 160.8 
Median    18.5 -3.0 3.4 5.8 70.4 80.6 
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Anatomical parameters measured following surgical treatment. Results refer to the central vertebra of the spinal segment. 
Donor Level Group Group 
Vertebral body 
height 
Angle on 
sagittal plane 
Angle on frontal 
plane 
Angle 3D 
Radius cranial 
endplate 
Radius caudal 
endplate 
    (mm) (°) (°) (°) (mm) (mm) 
A T9-T10-T11 LE SSPI 21.7 -5.7 4.3 7.1 45.3 107.8 
A T12-L1-L2 HE SSPI – KP 23.4 2.7 0.5 2.7 98.0 90.5 
A L3-L4-L5 LE SSPI 27.9 -6.4 0.5 6.4 275.2 100.0 
B T9-T10-T11 HE SSPI 18.7 -5.5 5.9 8.1 70.4 53.0 
B T12-L1-L2 HE SSPI 19.8 -1.2 0.5 1.3 35.1 35.1 
B L3-L4-L5 HE SSPI – KP 23.7 -6.1 0.2 6.1 47.9 45.9 
C T9-T10-T11 LE SSPI – KP 17.4 -2.1 2.8 3.5 85.1 107.2 
C T12-L1-L2 LE SSPI – KP 21.7 0.9 2.8 2.9 189.2 312.9 
C L3-L4-L5 HE SSPI 20.5 -3.9 1.4 4.2 50.3 59.3 
D T9-T10-T11 HE SSPI – KP 16.5 1.3 2.1 2.5 58.7 50.6 
D T12-L1-L2 LE SSPI 21.1 -1.3 0.9 1.6 51.1 73.7 
D L3-L4-L5 LE SSPI – KP 27.5 -8.5 0.1 8.5 576.2 352.5 
Median    21.4 -3.0 1.2 3.8 64.5 82.1 
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Anatomical parameters measured after fatigue loading. Results refer to the central vertebra of the spinal segment. 
Donor Level Group Group 
Vertebral body 
height 
Angle on 
sagittal plane 
Angle on frontal 
plane 
Angle 3D 
Radius cranial 
endplate 
Radius caudal 
endplate 
    (mm) (°) (°) (°) (mm) (mm) 
A T9-T10-T11 LE SSPI 21.5 -6.0 4.1 7.2 47.7 113.9 
A T12-L1-L2 HE SSPI – KP 22.4 3.4 2.0 3.9 88.2 86.8 
A L3-L4-L5 LE SSPI 27.8 -7.9 0.2 7.9 273.4 103.4 
B T9-T10-T11 HE SSPI 18.7 -4.0 6.2 7.4 – 58.5 
B T12-L1-L2 HE SSPI 21.0 -2.9 3.0 4.2 32.5 37.6 
B L3-L4-L5 HE SSPI – KP 24.6 -7.7 0.1 7.7 53.2 52.5 
C T9-T10-T11 LE SSPI – KP 17.3 -3.9 2.6 4.7 78.4 116.5 
C T12-L1-L2 LE SSPI – KP 21.3 -1.3 3.0 3.2 127.8 324.6 
C L3-L4-L5 HE SSPI 20.4 -5.7 1.1 5.7 53.9 59.9 
D T9-T10-T11 HE SSPI – KP 17.2 -6.0 2.1 6.4 71.2 46.5 
D T12-L1-L2 LE SSPI 20.8 -3.5 1.0 3.6 53.3 64.5 
D L3-L4-L5 LE SSPI – KP 27.4 -7.7 0.3 7.7 251.5 213.1 
Median    21.1 -4.9 2.1 6.0 71.2 75.7 
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LVDT calibration 
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Calibration of the LVDT used in the experiments (serial number: 134470). 
 
Calibration of LVDT used in the experiments (serial number: 133520). 
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